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Introdu
tionThe Standard Model of parti
le physi
s des
ribes three of the four known fundamental in-tera
tions between the elementary parti
les: the ele
tromagneti
, weak and strong for
es. Itprovides an extremely a

urate des
ription of the ele
troweak intera
tions up to the energys
ales so far explored in high energy physi
s experiments.The Large Hadron Collider (LHC), whi
h is presently starting to operate, will provideproton-proton 
ollisions with an unpre
edented 
entre-of-mass energy of √s = 14 TeV andwith instantaneous luminosities of up to 1034 cm−2s−1, and is therefore ideally suited toexplore the TeV energy domain. Two multipurpose experiments, ATLAS and CMS, werebuilt to analyse the 
ollisions.The high instantaneous luminosities a
hievable at the LHC will result in a signi�
ant 
on-tamination of the signal pro
esses by additional soft proton-proton 
ollisions, usually knownas pile-up intera
tions. In the 
ourse of this thesis several algorithms were developed forthe ATLAS experiment to re
onstru
t the position of the primary intera
tion vertex withimproved pre
ision, whi
h rely on adaptive methods to redu
e both the in�uen
e of pile-upintera
tions and of se
ondary intera
tions. The Kalman �lter and mathemati
al formalismthese methods rely on is des
ribed in detail and their performan
e is analysed through theuse of Monte Carlo simulations.There is one parti
le predi
ted by the Standard Model whose existen
e has not yet beenproven: the Higgs boson, whi
h plays the 
ru
ial role of giving other parti
les a mass withoutbreaking the gauge symmetry the model is built upon. All physi
al properties of this parti
leare predi
ted by the theory, ex
ept its mass.The most stringent limit on the Higgs boson mass is provided by the dire
t sear
hes per-formed at the LEP2 
ollider, whi
h ex
lude a Standard Model Higgs boson with a mass below
114.4 GeV/c2 at 95% 
on�den
e level. Indire
t 
onstraints from ele
troweak pre
ision observ-ables, where the Higgs boson enters through virtual 
orre
tions, predi
t a Higgs boson massof 87+35

−26 GeV/c2. Under the assumption that the Standard Model is valid, the Higgs bosonmass is expe
ted to be found 
lose to the LEP2 limit. In the low mass region, the Higgs bosonde
ays preferentially into a pair of b-quarks, whi
h 
an be observed in the dete
tor as b-quarkjets.The experimental identi�
ation of b-jets and the reje
tion of the 
opious ba
kgrounds from
u, d, s-quarks and gluon jets is made possible by the relatively long lifetime of b-hadrons(βγcτ = O(mm)), whose de
ay parti
les are thus produ
ed at a se
ondary vertex whi
h issu�
iently displa
ed with respe
t to the primary intera
tion vertex. The most promising b-jetidenti�
ation algorithms are based either on dete
ting individual 
harged parti
le tra
ks whi
hare displa
ed with respe
t to the primary intera
tion vertex or on the expli
it re
onstru
tion ofthe se
ondary vertex position. In this thesis a sophisti
ated se
ondary vertex re
onstru
tionalgorithm is presented, whi
h exploits the topologi
al stru
ture of weak b- and c-hadronde
ays inside a b-jet and is implemented mathemati
ally as an extension of the Kalman �lterformalism for vertex re
onstru
tion. The appli
ation to a b-jet identi�
ation algorithm isdis
ussed in detail and its performan
e is 
ompared with the standard algorithms available inATLAS.Even under the hypothesis that an ex
ellent b-jet identi�
ation performan
e 
an be a
hieved,1



2 Contentsthe sear
h for Higgs bosons de
aying to a b-quark pair will still su�er from 
opious irredu
ibleba
kgrounds with b-jets produ
ed by strong intera
tions. This is the main reason why noHiggs boson sear
h based on the bb̄ de
ay mode at the LHC is a
tually 
onsidered to yield asigni�
ant dis
overy potential. Sear
hes with the Higgs boson de
aying into a pair of photonsor taus are typi
ally preferred in the mH = 115-130 GeV/c2 mass region.Re
ently, a new approa
h for the sear
h for Higgs bosons de
aying to a pair of b-quarks wasproposed [1℄, whi
h relies on the already well known asso
iated produ
tion of a Higgs bosonwith a W or Z boson, but where only the phase spa
e region where the Higgs and the ve
torbosons are produ
ed at large transverse momenta is 
onsidered. This allows a more e�
ientreje
tion of the ba
kgrounds, but, at the same time, poses several new problems to the obje
tidenti�
ation algorithms.A �rst dete
tor level study of the WH → ℓνbb̄ Higgs boson sear
h 
hannel, based on arealisti
 simulation of the ATLAS dete
tor, is presented in this thesis. Spe
ial emphasis isput on the implementation of the jet re
onstru
tion algorithm and on the optimisation of the
b-jet identi�
ation performan
e in this spe
i�
 s
enario. The dis
overy potential, based onsimple event 
ounting, is analysed in terms of statisti
al signi�
an
e.A signi�
ant degradation of the dis
overy potential is expe
ted due to the sizable systemati
un
ertainties a�e
ting the expe
ted amount of ba
kground feeding into the signal sele
tion.In order to redu
e the impa
t of these un
ertainties, a maximum likelihood based estimatoris de�ned to extra
t the number of signal and ba
kground events dire
tly from the data,based on the expe
ted distributions of a few dis
riminating variables. Spe
ial 
are is takento evaluate the e�e
t of experimental systemati
 un
ertainties and the dis
overy potential isevaluated for Higgs boson masses in the range between 115 and 130 GeV/c2.The thesis is organised as follows: a short overview of the theory of elementary parti
lesand intera
tions, with emphasis on the me
hanism of symmetry breaking, is given in Chap-ter 1. An introdu
tion to Higgs boson sear
hes at the LHC, with some details about Higgsboson sear
hes with de
ays into a pair of b-quarks, is 
ontained in Chapter 2. The LHC
ollider and the ATLAS dete
tor are brie�y des
ribed in Chapter 3, while an overview of howphysi
s events are re
onstru
ted and how the �nal state parti
les are identi�ed is given inChapter 4. The re
onstru
tion of the primary intera
tion vertex, the implementation of newvertex �nding te
hniques and their performan
e are presented in Chapter 5. In Chapter 6,the b-jet identi�
ation in ATLAS is dis
ussed, with emphasis on the design and appli
ationof a novel te
hnique to re
onstru
t b- to c-hadron vertex de
ay 
hains in b-jets. The event
ounting based WH → ℓνbb̄ analysis is presented in Chapter 7, while the maximum likelihoodbased analysis is presented in Chapter 8.



1 Theoreti
al frameworkIn this 
hapter a short overview of the present theory of elementary parti
les and fundamentalintera
tions is given, with some emphasis on the Higgs me
hanism of symmetry breaking,whi
h is the obje
t of the se
ond part of this thesis. As a general rule, in this thesis naturalunits are used, de�ning ~ = 1 and c = 1 (ex
ept in the introdu
tion and in the summary).1.1 The Standard Model of fundamental intera
tionsThe Standard Model (SM ) [2�4℄ is a quantum �eld theory whi
h des
ribes the ele
tromagneti
,weak and strong intera
tions between all elementary parti
les whose existen
e has been provenup to today.This model 
ontains elementary parti
les with spin 1/2 as building blo
ks of matter:
• six leptons (and their antiparti
les), organised in three families

(
νe

e−

) (
νµ

µ−

) (
ντ

τ−

) (1.1)
• six quarks (and their antiparti
les), organised in three families

(
u
d

) (
c
s

) (
t
b

) (1.2)In addition it 
ontains the parti
les whi
h are responsible for the fundamental intera
tions,given by the following ve
tor bosons:
• a gauge boson for the ele
tromagneti
 intera
tions, the photon γ;
• three gauge bosons for the weak intera
tion, W± and Z0;
• eight gauge bosons for the strong intera
tion, 
alled gluons;and one s
alar boson:
• the Higgs boson, H (not yet experimentally observed).The Standard Model is based on a symmetry group of the kind SU(3)C ⊗ SU(2)I ⊗ U(1)Y ,where SU(3)C des
ribes the 
olour symmetry of strong intera
tions, SU(2)I des
ribes theweak isospin I for the uni�ed ele
troweak intera
tions and U(1)Y the invarian
e under hy-per
harge Y transformations. The theory is based on a base Lagrangian density where themasses of all parti
les are set to zero, whi
h is invariant under transformations of the groupsymmetry the model is built upon. The Lagrangian of the Standard Model 
an be separatedinto a sum of a term LQCD whi
h is responsible for the strong intera
tions and an ele
troweakterm LEW . 3



4 1 Theoreti
al framework1.1.1 Strong intera
tionsQuantum 
hromodynami
s (QCD) is the theory of strong intera
tions [5�7℄, whi
h des
ribesthe intera
tions of quarks and gluons. This theory is based on the assumption that hadrons
onsist of stru
tureless, 
on�ned quarks whi
h obey exa
t SU(3) 
olour symmetry. Its La-grangian density is given by
LQCD = i

∑

f

q̄fγµDµqf − 1

4
Gi

µνGµν
i (1.3)where qf is a 
olour triplet of quarks with �avour f and the 
ovariant derivative Dµ is de�nedas

Dµ = ∂µ − ig3
λi

2
Gi

µ (1.4)where g3 is the SU(3) 
oupling 
onstant and the tensor �elds Gµν are de�ned as
Gi,µν = ∂µGi,ν − ∂νGi,µ + gfijkGj,µGk,ν , (1.5)where Gi,ν are the eight gluon �elds, λi the generators of SU(3)C (Gell-Mann matri
es) and

fijk the stru
ture 
onstants of SU(3)C .1.1.2 Weak intera
tionsAll experimental observations where weak de
ays take pla
e are 
onsistent with the assump-tion that the 
urrent of the weak intera
tions is always of the form (V − A), i.e. a spe
i�

ombination of axial and ve
tor 
urrents. It seems therefore natural to de�ne the �elds ofthe intera
ting parti
les in terms of the respe
tive right- and left-handed heli
ity proje
tions,whi
h, for a generi
 �eld φ(x), are de�ned as:
φL(x) = PLφ(x) =

1

2
(1 − γ5)φ(x)

φR(x) = PRφ(x) =
1

2
(1 + γ5)φ(x).The di�erent transformation properties of the two 
omponents φ(x) and γ5φ(x) lead to anasymmetry in the theory, whi
h translates into a violation of the symmetries of parity Pand 
harge 
onjugation C. This makes it natural to de�ne left and right �elds of quarks andleptons into the following multiplets:

QI
L(x) =

(
U I

L(x)
DI

L(x)

)
= (3, 2)+1/6 uI

R(x) = (3, 1)+2/3 dI
R(x) = (3, 1)−1/3 (1.6)for the quarks, and

ΨL(x) =

(
νL(x)
lL(x)

)
= (1, 2)−1/2 lR(x) = (1, 1)−1 νR(x) = (1, 1)0 (1.7)for the leptons, where (3, 2)+1/6 re�e
ts a triplet of 
olour SU(3)C , a doublet of weak isospin

SU(2)I with hyper
harge Y = Q − I3 = +1/6 and analogously for the other representations.The ele
troweak Lagrangian 
an therefore be written as
LEW = i[Q

I
L(x)γµDµQI

L(x) + uR(x)γµDµuR(x) + dR(x)γµDµdR(x) +
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ΨL(x)γµDµΨL(x) + νR(x)γµDµνR(x) + lR(x)γµDµlR(x)] (1.8)
−1

4
Bµν(x)Bµν(x) − 1

4
W i

µν(x)W µν
i (x)where the 
ovariant derivative is given by

Dµ = ∂µ + i
g

2
τjW

µ
j (x) − ig′Y Bµ(x) (1.9)where g and g′ are the 
oupling 
onstants asso
iated to the gauge �elds Wj(x) (j = 1, 2, 3)and B(x) related respe
tively to the symmetry group of isospin SU(2)I and of hyper
harge

U(1)Y , while τj (j = 1, 2, 3) are the Pauli matri
es. The last two terms in the Lagrangian
ontain the kineti
 term of the ve
tor bosons: as in the 
ase of the gluons, the tensor �eld
F i

µν 
an be written as a fun
tion of the ve
tor �eld Ai as
Fi,µν = ∂µAi,ν − ∂νAi,µ + gfijkAj,µAk,ν (1.10)where g is the 
oupling 
onstant asso
iated to the ve
tor �eld and fijk are the stru
ture
onstants of the Lie algebra related to the gauge symmetry group. Sin
e SU(2)I is a non-abelian group, triple and quarti
 self-
oupling terms in the ve
tor bosons will ne
essarilyappear. The Lagrangian 
an be separated in two terms, a term whi
h des
ribes the freetheory and a se
ond one whi
h a

ounts for the intera
tion, a

ording to

LEW = L0 + LINT . (1.11)Through a rede�nition, the gauge �elds Wj and B 
an be expressed in terms of the observableve
tor bosons W±, Z and A:
W µ

1 (x) = (W µ(x) + W †µ(x))/
√

2

W µ
2 (x) = (W µ(x) − W †µ(x))/

√
2

W µ
3 = cos(θW )Z0µ(x) + sin(θW )Aµ(x)

Bµ = − sin(θW )Z0µ(x) + cos(θW )Aµ(x)

(1.12)where θW is the weak mixing angle and the �elds W and W † are related to the W+ and W−bosons. The intera
tion term of the Lagrangian 
an thus be re-expressed with
LINT =

gW

2
√

2

(
J+

µ (x)W µ(x) + J−
µ (x)W †µ(x)

) (1.13)
+ eJem

µ (x)Aµ(x) +
gW

2 cos(θW )
J0

µ(x)Z0µ(x)where gW is the ele
troweak 
oupling 
onstant and being
J+

µ = ūγµ(1 − γ5)d + c̄γµ(1 − γ5)s + t̄γµ(1 − γ5)b + (1.14)
ν̄eγµ(1 − γ5)e + ν̄µγµ(1 − γ5)µ + ν̄τγµ(1 − γ5)τ

Jem
µ =

∑

f

Qf f̄γµf (1.15)
J0

µ =
∑

f

f̄γµ(vf − afγ5)f (1.16)
vf = τ f

3 − 2Qf sin2 θW af = τ f
3 (1.17)where the sum over the index f represents the sum over all possible �avours and θW is de�nedby the relation

g

sin θW
=

g′

cos θW
= e. (1.18)The 
urrents J±(x) re�e
t the (V − A) stru
ture of the weak intera
tions asso
iated to the

W+ and W− bosons, while Jem(x) a

ounts for the ele
tromagneti
 for
e and J0(x) is theneutral 
urrent asso
iated to the Z0 boson.



6 1 Theoreti
al framework1.2 Mass generation and the Higgs me
hanismThe Lagrangian introdu
ed so far des
ribes a theory of massless parti
les, whi
h is in 
lear
ontradi
tion with experimental observations. In order to keep the theory renormalisable, it isne
essary to introdu
e parti
le masses in a way whi
h preserves the original gauge invarian
eof the Lagrangian. This 
an be obtained through the Higgs me
hanism [8, 9℄, where thespontaneous symmetry breaking from SU(3)C ⊗SU(2)I ⊗U(1)Y to SU(3)C ⊗U(1)Q providesmasses to the W± and Z0 bosons, while the photon, being asso
iated to the residual symmetry
U(1)Q, does not a
quire any mass. The symmetry breaking is realised by introdu
ing anisospin doublet of 
omplex s
alar �elds, 
alled the Higgs �eld Φ

Φ =

(
φ+

φ0

)
Φc = (i · τ2)Φ

∗ =

(
φ0 ∗

−φ−

) (1.19)whi
h, by imposing gauge invarian
e, 
an be des
ribed without loss of generality by a La-grangian of the kind
LHiggs = DµΦ†DµΦ−µ2Φ†Φ − λ(Φ†Φ)2︸ ︷︷ ︸

V (Φ)

µ, λ ∈ ℜ (1.20)where the 
ovariant derivative is given by Eq. 1.9. Under the hypothesis that µ2 < 0, thepotential V (Φ) asso
iated to the Higgs �eld has a lo
al maximum for a value of the Higgs �eldof Φ(x) = 0 and an absolute minimum along the 
ir
umferen
e (−µ2

2λ

)1/2
eiθ (θ ∈ [0, 2π]). Thisimplies that the state of minimum energy, the va
uum state, is not unique but degenerate.The ne
essity to sele
t only one of these states (whi
h happens to des
ribe our physi
alworld) results in the Hilbert spa
e not sharing anymore all symmetries of the Lagrangian andtranslates into a spontaneous symmetry breaking. This 
hoi
e is made by assigning one ofthe possible non-zero expe
tation values to the va
uum

〈0|Φ(x)|0〉 =

(
0
v√
2

)

v =

(
−µ2

2λ

)1/2

> 0 (1.21)In this way, the kineti
 term (DµΦ)†DµΦ generates the masses of the ve
tor bosons W± and
Z0, 
orresponding to mW = vg

2 and mZ = vg
2 cos θW

, while those of the leptons and quarks 
anbe generated by add-ho
 
ouplings with the Higgs �eld through the Yukawa terms
Y u

ik(Q̄
i
LΦ̃)uk

R + Y d
ik(Q̄

i
LΦ)dk

R + Y l
ik(L̄

i
LΦ)lkR + h.c. (1.22)where the indexes i and k refer to the quark or lepton generation. Inserting the expe
tationvalue for the Higgs �eld, for the quark masses a Lagrangian term is obtained of the kind

LM = ūiMu
ik(1 + γ5)u

k + d̄iMd
ik(1 + γ5)d

k + h.c. (1.23)where
Mu

ik =
Y u

ik · v√
2

Md
ik =

Y d
ik · v√

2
(1.24)1.2.1 Higgs me
hanism in a quantum �eld theoryIn the previous se
tions the Higgs me
hanism was 
onsidered only in terms of a 
lassi
al �eldtheory. Quantum level 
orre
tions 
an signi�
antly 
hange this pi
ture. An elegant gener-alisation of the Higgs me
hanism to a quantum �eld theory is provided by the quantisation
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hanism 7through the path integral method (an introdu
tion 
an be found for example in Ref. [10℄). Inthis 
ontext, the quantum analog of the potential V (Φ) is the e�e
tive potential Veff (Φcl),de�ned in term of the e�e
tive a
tion Γ[Φcl] (the generating fun
tional of the 1PI 
onne
ted
orrelation fun
tions) as:
Veff (Φcl) = − 1

V T
Γ[Φcl] for Φcl(x) = constant = Φcl (1.25)where VT is the spa
e-time extent of the fun
tional integral (sin
e Γ[Φcl] is an extensivequantity) and Φcl is the va
uum expe
tation value of the �eld 
on�guration Φ(x)

Φcl(x) = 〈Ω|Φ(x)|Ω〉 (1.26)The stable quantum states of the theory are obtained by imposing a minimum for the e�e
tivea
tion:
∂

∂Φcl
Γ[Φcl] = 0 → ∂

∂Φcl
Veff (Φcl) = 0, (1.27)whi
h identi�es the states of minimum energy of the theory, i.e. the stable va
uum states.As in the 
lassi
al pi
ture, a system with spontaneous symmetry breaking has several min-ima, all with the same energy. Spe
ifying one of them breaks the original symmetry on theva
uum. The use of the e�e
tive potential makes the link between the 
lassi
al and quantum
ase parti
ularly transparent, sin
e the e�e
tive potential 
an be expressed in the form of aperturbative series, whi
h 
an be then 
al
ulated order by order in ~

Veff (Φcl) = V (Φcl) + loop effects, (1.28)where V (Φcl) is the 
lassi
al potential 
onsidered in the previous se
tion. The way loop 
or-re
tions a�e
t the e�e
tive potential is 
onsidered in Se
tion 1.3.1, to derive some theoreti
albounds on the Higgs mass.1.2.2 Higgs �eld and 
ouplingsThe parti
le 
ontent of the s
alar se
tor of the theory be
omes evident after 
hoosing theunitary gauge: this 
onsists in eliminating the unphysi
al degrees of freedom of the theoryusing gauge invarian
e. The Higgs doublet �eld introdu
ed in (1.19) is rede�ned as follows
Φ(x) =

e
i
v

~χ(x)·~τ
√

2

(
0

v+H(x)√
2

)
SU(2)
︷︸︸︷→ Φ(x) =

1√
2

(
0

v+H(x)√
2

)
, (1.29)after whi
h the s
alar potential of (1.20) be
omes:

LHiggs = µ2H2 − λvH3 − 1

4
H4 = −1

2
m2

HH2 −
√

λ

2
mHH3 − 1

4
λH4 (1.30)When moving to the unitary gauge, three degrees of freedom, 
orresponding the the χa(x)Goldstone bosons, are reabsorbed into the longitudinal 
omponents of the W± and Z0 weakgauge bosons. One only s
alar �eld remains, the Higgs boson H, with mass m2

H = −2µ2 =
2λv2 and self-
ouplings:

H

H

H = −3i
m2

H

v

H

H

H

H

= −3i
m2

H

v2
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al frameworkFurthermore, the kineti
 term of Eq. 1.20, after rede�ning the Higgs �eld a

ording toEq. 1.29, 
ontains linear terms in the gauge bosons W
(†)
µ ad Z0

µ, whi
h de�ne the Higgs
oupling to the weak gauge bosons:
Vµ

Vν

H = 2i
m2

V

v
gµν

Vµ

Vν

H

H

= 2i
m2

V

v2 gµνFinally, the expli
it introdu
tion of masses for the quarks and leptons through the Yukawa
ouplings of (1.22) also introdu
es a 
oupling of the Higgs to the fermions:
f

f

H = −i
mf

vThe Higgs boson tree level 
ouplings 
an all be expressed in terms of just two parameters,either µ and λ appearing in the s
alar potential of (1.20) or, equivalently, mH and v, theHiggs boson mass and the s
alar �eld va
uum expe
tation value. The value of v is measuredin muon de
ays to be v =
(√

2GF

)−1/2
= 246 GeV, therefore the physi
s of the StandardModel Higgs boson is a
tually fully determined on
e its mass mH is known.1.3 Bounds on the Higgs boson mass1.3.1 Theoreti
al boundsVarious theoreti
al bounds 
onstrain the Higgs mass, based on the following arguments:

• Unitarity
• Triviality
• Va
uum stabilityUnitarityThe unitarity argument applies to the s
attering pro
ess of longitudinal gauge bosons, VLVL →

VLVL, where V is either a W± or a Z boson. Thanks to the ele
troweak equivalen
e theorem,in the high energy limit (s ≫ m2
V ) the s
attering amplitude for longitudinal gauge bosons 
anbe expressed in terms of the s
attering amplitude for the 
orresponding Goldstone bosons:

A(W+
L W−

L → W+
L W−

L ) = A(ω+ω− → ω+ω−) + O

(
m2

W

s

)
, (1.31)where ω± are the Goldstone bosons 
orresponding to the W± bosons and the s
alar s
atteringamplitude is:

A(ω+ω− → ω+ω−) = −m2
H

v2

(
s

s − m2
H

+
t

t − m2
H

)
, (1.32)



1.3 Bounds on the Higgs boson mass 9where s and t are the Mandelstam variables of the s
attering pro
ess. The amplitude 
anbe de
omposed in partial waves of spin l (in terms of Legendre polynomials) and the overall
ross se
tion in terms of the 
oe�
ients al related to the single partial waves l:
σ =

16π

s

∞∑

l=0

(2l + 1)|al|2 (1.33)The 
oe�
ients al 
an be 
omputed from the full s
attering amplitude of Eq. 1.32, but hereonly the term with l = 0 is interesting. In the high energy limit (s ≫ m2
H) it turns out to be

a0 → m2
H

8πv2
. (1.34)Using the opti
al theorem, it is possible to apply the unitarity 
onstraint dire
tly on top of(1.33):

σ =
16π

s

∞∑

l=0

(2l + 1)|al|2 =
1

s
Im [a(θ = 0)] (1.35)Expanding also the se
ond term in partial waves, it is easy to realise that:

|al|2 = Re(al)
2 + Im(al)

2 = Im(al) → |Re(al)| ≤
1

2
(1.36)Using this inequality, the high energy limit of a0 in (1.34) results in a limit on the Higgs bosonmass

mH < 870 GeV. (1.37)By applying the same argument on other s
attering 
hannels (e.g. W+
L W−

L → ZLZL) thisbound 
an be tightened to:
mH < 710 GeV (1.38)The unitarity argument 
an be also reverted. If no Higgs boson is found in nature, then thesame s
attering amplitudes above 
an be 
omputed in the opposite limit mH ≫ s (whi
h isequivalent to a theory with no Higgs boson) and an upper limit is found for the s
ale where thes
attering amplitude violates unitarity and new physi
s 
ontributions are therefore expe
tedto appear:
√

s < 1.2 TeV (1.39)As a 
onsequen
e, either the Higgs boson exists and is below ≈ 1 TeV or new physi
s 
ontri-bution at a s
ale of 1-2 TeV must appear. This ensures that at the LHC, where these energieswill be well within rea
h, at least one of these two dis
overies should be realised.Triviality and va
uum stabilityThe se
ond bound 
omes from loop 
orre
tions to the 
lassi
al Higgs potential, due to therunning of the quarti
 Higgs self-
oupling λ [11,12℄. The dependen
e of λ on the energy s
ale
Q in a φ4-theory is des
ribed by the renormalisation group equation (RGE):

dλ(Q)

dQ2
=

3

4π2
λ2(Q) (1.40)
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al frameworkAs a 
onsequen
e, the quarti
 
oupling λ de
reases for small energies and in
reases for largeenergies. In the Standard Model, the situation is a bit more 
omplex and the RGE for thequarti
 
oupling is 
oupled to the evolution of the other 
oupling 
onstants g,g′ and yt:
32π2 dλ

d
(
log Q2

Q2
0

) = 24λ2 − (3g′2 + 9g2 − 24y2
t )λ +

3

8
g′4 +

3

4
g′2g2 +

9

8
g4 − 24y4

t + · · · , (1.41)where yt = mt/v is the Yukawa 
oupling to the top quark, whi
h dominates over all otherYukawa 
ouplings, and g and g′ are the 
ouplings to the weak bosons. In the limit of highenergies, the �rst term of (1.41) dominates and the RGE equation 
an be solved, startingfrom a 
ertain s
ale Q0:
λ(Q2) = λ(Q2

0)



1 − 3

4π2
λ(v2) log

Q2

Q2
0︸ ︷︷ ︸

A





−1 (1.42)As a result, λ be
omes in�nite when A → 1, i.e. at the Landau pole, and the perturbativedes
ription is no longer valid. The energy s
ale up to whi
h the theory remains non pertur-bative depends on the exa
t value of the Higgs boson mass. Requiring 1 − A to be non-zero,setting Q = Λ and the starting s
ale Q0 equal to the ele
troweak s
ale v yields:
m2

H <
8π2v2

3 log
(

Λ2

v2

) . (1.43)This relation 
an be interpreted as an upper bound of mH as a fun
tion of the s
ale Λ wherenew physi
s is expe
ted to enter the game. If this 
ondition is not met, the only way to preservea perturbative theory valid at all s
ales is to impose triviality (λ = 0), whi
h however wouldprevent the spontaneous symmetry breaking to take pla
e; this is exa
tly why this 
onditiongoes under the name of triviality.From the RGE for λ (1.41) another bound 
an also be obtained: in fa
t, in order to preservethe stability of the va
uum state, λ must remain positive. At low energies, the last term −6y4
tdominates, yielding to an evolution of λ(Q) whi
h is 
lose to:

λ(Λ) ≈ λ(v) − 3

4π2
y2

t log

(
λ2

v2

) (1.44)The 
onstraint λ(Λ) > 0 translates into a 
onstraint on mH :
λ(Λ) > 0 → m2

H >
3v2

2π2
y2

t log

(
Λ2

v2

) (1.45)The 
onstraints provided by both the triviality and va
uum stability bounds are shown inFig. 1.1.1.3.2 Indire
t bounds from ele
troweak pre
ision measurementsThe presen
e of the Higgs parti
le is not only dete
table if produ
ed dire
tly, but also a�e
tsthrough virtual 
orre
tions several physi
s observables: the mass of the W boson, variousleptoni
 and hadroni
 asymmetries and many other ele
troweak observables whi
h are usuallyused to make pre
ision tests of the Standard Model. Exploiting this dependen
e, a global



1.3 Bounds on the Higgs boson mass 11

Figure 1.1: The triviality (upper) and va
uum stability (lower) bound on the Higgs boson mass as a fun
tionof the new physi
s or 
uto� s
ale Λ. A value of mt = 175 ± 6 GeV and of αs(mZ) = 0.118 ± 0.002 was usedto derive these limits. Taken from Ref. [13℄.ele
troweak �t 
an result in an indire
t measurement of the Higgs boson mass. This isanalogous to the 
ase of the top quark, whose mass was predi
ted before it was a
tuallyobserved experimentally. However, the dependen
e on the Higgs boson mass in ele
troweakobservables is weaker than for the top quark mass, typi
ally logarithmi
 instead of quadrati
,so the pre
ision with whi
h the Higgs mass 
an be determined in the global �t is limited. Theresults presented here have been obtained by the LEP ele
troweak working group [14℄.The result of the global ele
troweak �t in terms of predi
ted top quark and W bosonmasses is shown in terms of a two-dimensional 
orrelation plot in Fig. 1.2, together with the
orrelated Higgs boson mass values. The result of the dire
t measurement of the top quarkand the W boson masses is also shown on top: with respe
t to the indire
t measurements, themeasured values seem to push the Higgs boson mass towards lower values. The un
ertainty inthe 
orrelation plot due to the error on the determination of the QED �ne-stru
ture 
onstantin the �t is shown in addition with a magenta arrow. Integrating the dire
t measurements ofthe top quark and W boson masses into the �t, the famous blue band plot 
an be obtained,whi
h is shown in Fig. 1.3. The predi
ted Higgs boson mass is 87+35
−26 GeV (at 68% 
on�den
elevel). No information from dire
t sear
hes of the Higgs boson is in
luded here.1.3.3 Bounds from dire
t sear
hesThe indire
t bounds from the ele
troweak pre
ision measurements 
an be 
ompared with theregions of Higgs boson masses experimentally ex
luded by dire
t sear
hes for Higgs bosonde
ays. These regions are shown in yellow in Fig. 1.3. The region below mH = 114.4 GeV wasex
luded at 95% 
on�den
e level by dire
t sear
hes at LEP2 [15℄, while the region between160 and 170 GeV was re
ently ex
luded at the Tevatron 
ollider. The experiments at theTevatron are starting to get sensitive to a Higgs boson with masses around the WW massthreshold [16℄ and the a
tual ex
lusion limits, normalised to the expe
ted Standard Model
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Figure 1.2: Correlation between the top quark and W boson mass in the ele
troweak �t, 
ompared with thea
tual world average (68% 
on�den
e level 
urves, in red for LEP1 and SLD, in blue for LEP2 and Tevatron).The 
ontour lines at ±1σ with the 
orresponding values for the Higgs boson mass are also shown. Taken fromthe most re
ent update of Ref. [14℄.
ross se
tion, are shown more in detail in Fig. 1.4, together with the expe
ted ex
lusions andtheir 1 and 2σ un
ertainty bands.1.4 From theory to event generation1.4.1 De�nition of 
ross se
tionOn
e the Standard Model is de�ned in terms of its parti
le 
ontent and Lagrangian density, itis possible to 
al
ulate any possible transition from a state i to a state f . This is provided bythe S matrix, whi
h 
an be always written as S = 1+ iT , where the unity represents the 
asewhere no intera
tion o

urs, while the the e�e
t of intera
tions is en
oded in the transitionmatrix T . Based on the matrix T , the probability amplitude A for a transition between theinitial state i and the �nal state f to o

ur 
an be written as a fun
tion of the matrix element
M:

A(i → f) = 〈f |iT |i〉 = (2π)4δ(4)(
∑

pi −
∑

pf )iM(pi → pf ), (1.46)where pi represent the momenta of the parti
les in the initial state and pf the 
orrespondingones in the �nal state.For 2 → N pro
esses, where the two in
oming parti
les are de�ned here as a and b, the
ross se
tion 
an be obtained from the matrix element M by 
onsidering an additional �ux
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Figure 1.3: Result of the global �t to ele
troweak observables expressed as ∆χ2 = χ2 −χ2
min as a fun
tion ofthe assumed value for mH . The theory un
ertainty (missing higher order 
orre
tions) is shown as a blue-band.The dotted lines indi
ate the 
urves 
orresponding to a di�erent value of ∆α

(5)
had(m

2
Z) and to in
luding low

Q2 data from the NuTeV neutrino s
attering experiment. ∆α
(5)
had(m

2
Z) is the dominant 
ontribution to theun
ertainty on α(m2

Z) and is given by the di�eren
e between two di�erent estimates of the 
ontribution oflight quarks to the photon va
uum polarisation. Taken from the most re
ent update of Ref. [14℄.fa
tor for the initial state parti
les a and b and the phase spa
e fa
tor for the �nal stateparti
les in f [10℄:
dσa,b→f =

1

2EaEb|vavb|
|M(pa, pb → pf )|2dΠN , (1.47)where the Lorentz invariant phase spa
e fa
tor is given by:

dΠN =




∏

f

d3pf

(2π)3
1

2Ef



 (2π)4δ(4)(pa + pb −
∑

pf ) (1.48)At a hadron 
ollider as the LHC, intera
tions will take pla
e between two 
olliding protons.The dynami
s of the protons at s
ales 
lose to its mass is strongly non-perturbative, so thatthe intera
tion between the protons to yield a �nal state f 
annot be dire
tly 
omputedby using perturbative methods. However, thanks to the asymptoti
 freedom of quarks andgluons and thanks to the fa
t that the intera
tions of interest at the LHC will happen at highmomentum transfer s
ales Q2, the intera
tion 
an be separated into a hard s
attering pro
ess,whi
h takes pla
e between quarks and gluons to yield the �nal state f and 
an be 
omputedin perturbation theory, and a low energy pro
ess, where the intera
ting quarks and gluons areextra
ted from the original protons, whi
h 
annot be 
omputed by �rst prin
iples.
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Figure 1.4: Ex
lusion limits on the presen
e of a Higgs boson at 95% 
on�den
e level, normalised to theexpe
ted Standard Model 
ross se
tion, as a fun
tion of the Higgs boson mass, 
orresponding to the lastupdated results based on data 
olle
ted by the Tevatron 
ollider. The LEP2 ex
luded region, together withthe new region ex
luded by Tevatron data, are also shown as shaded magenta regions in the plot.The partoni
 
ross se
tion dσ̂a,b→c de�ning the hard s
attering pro
ess 
an be 
omputeda

ording to Eq. 1.47, with a and b being the intera
ting partons, either quarks or gluons,summing over all their possible spin and 
olour states. The link between the partons andthe original protons is provided by the parton distribution fun
tions (PDFs), fa/A(xa), whi
h,before any QCD 
orre
tion is taken into a

ount, express the probability that a parton awith energy fra
tion xa is extra
ted from the original in
oming proton A. The 
entre-of-massenergy available for the parton-parton intera
tion is xaxb
√

s, depending on the momentumfra
tion of the original protons taken by the two partons a and b. The hadroni
 
ross se
tion
an therefore be expressed as a 
onvolution of the PDFs with the partoni
 
ross se
tion:
dσ(A,B → f) =

∑

a,b

∫ 1

0
dxa

∫ 1

0
dxbfa/A(xa, µ

2
F )fb/B(xb, µ

2
F )dσ̂a,b→c(µ

2
F , µ2

R), (1.49)The dependen
e on the fa
torisation s
ale µ2
F 
omes from QCD 
orre
tions to the naiveparton model introdu
ed by Bjorken and is des
ribed by the DGLAP evolution equations [17℄.Due to QCD 
orre
tions des
ribing quarks and gluons emitted by the initial state partons,also the partoni
 
ross se
tion will a
quire a dependen
e on µ2

F . In addition, due to therenormalisation of the strong 
oupling 
onstant, the partoni
 
ross se
tion will also depend onthe renormalisation s
ale µ2
R. If no approximation would have to be made in the 
omputationof the partoni
 
ross se
tion (e.g. negle
ting higher order 
orre
tions), the dependen
e on µ2

Rwould disappear and the dependen
e on µ2
F would 
an
el when 
ombining PDFs and partoni

ross se
tion. The µ2

F s
ale in the formula above 
an in fa
t be interpreted as the fa
torisations
ale: all 
ontributions at lower s
ales, in
luding non-perturbative ones, have been absorbedinto the PDFs, while all higher s
ale 
ontributions are des
ribed by the partoni
 
ross se
tion.This separation is based on the fa
torisation theorem [18℄, whi
h is proven only for deepinelasti
 s
attering, but is largely believed to hold also for the 
ase of 2 → N 
ollisions at
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ollider. Due to non-perturbative 
ontributions, the PDFs for quarks and gluons
annot be 
omputed from �rst prin
iples and need to be measured experimentally: the a
tualknowledge of the PDFs, on whi
h all predi
tions for the LHC are based, is mainly 
omingfrom the Tevatron and HERA experiments.In many pro
esses quarks and gluons are also among the produ
ed �nal state parti
les.When they are produ
ed in the hard intera
tion des
ribed by the partoni
 
ross se
tion, theyare typi
ally emitted at high energies: after radiation (whi
h 
an be des
ribed by higher orderQCD 
orre
tions and/or by phenomenologi
al models as in the parton shower algorithms),they lose energy and, at a s
ale of the order of ΛQCD, they enter the non-perturbative regimeand hadronise. The partoni
 
ross se
tion 
annot a

ount for non-perturbative physi
s 
ontri-butions: therefore, to 
orre
tly des
ribe the transition from partons to hadrons, two possiblesolutions are available:
• Analogously to the use of PDFs for the initial state partons, fragmentation fun
tions ofthe form Dp→h(x, µ̃2

F ) 
an be de�ned, representing the probability that the �nal stateparton p hadronises into a hadron h, keeping a fra
tion x of the original momentum ofparton p. Again, as in the 
ase of the PDFs, the s
ale µ̃2
F separates the perturbative
ontribution of the partoni
 
ross se
tion and the non-perturbative 
ontributions of thefragmentation fun
tions.

• Final state partons 
an be re
onstru
ted as jets in the dete
tor. Spe
i�
 algorithms (jetalgorithms) are used at re
onstru
tion level to map the �nal state parti
les produ
edin the radiation/hadronisation pro
ess to the original underlying �nal state partons.Even if the parton level pi
ture is not unambiguous, the idea is that the jet algorithmdoes provide the same result if applied at hadron level (or at re
onstru
tion level in areal dete
tor after unfolding the dete
tor e�e
ts) and at parton level (applying the jetalgorithm dire
tly to the parton level 
al
ulation, whi
h provides also an e�e
tive wayto regularise infrared and 
ollinear divergen
es).The �rst method is useful in 
ase one is interested in observing spe
i�
 �nal state hadrons, asfor example in the 
ase of the b-hadron produ
tion 
ross se
tion, where the b-quark fragmen-tation fun
tion 
omes into play. The se
ond method is more suitable if events with a spe
i�
number of jets are observed, regardless of the �nal state parti
les produ
ed as a result of thehadronisation pro
ess.Opposite to that, experimentalists usually rely on phenomenologi
al models (parton showerand hadronisation models) to des
ribe on a statisti
al basis (by Monte Carlo te
hniques) �rstthe radiation of the outgoing partons and then their hadronisation into the �nal state parti
les.In this way physi
s events 
an be des
ribed in a fully ex
lusive way in terms of a 
ompleteset of �nal state parti
les, whi
h is parti
ularly useful sin
e events of this kind 
an be useddire
tly as input to the dete
tor simulation, where every single parti
le needs to be tra
edthrough the ATLAS dete
tor.1.4.2 LuminosityThe expe
ted rate of events for a 
ertain pro
ess R = dN
dt 
an be expressed as the produ
t ofthe 
ross se
tion σ and of the instantaneous luminosity L:

R = σ · L (1.50)The instantaneous luminosity 
an be related to geometri
al parameters of the 
ollider setup:
L = f

n1n2

Aeff
, (1.51)
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al frameworkwhere n1 and n2 are the number of parti
les 
ontained in the two opposite orbiting bun
hes,
f is the frequen
y of the 
ollisions and Aeff is the e�e
tive 
ollision area. The instantaneousluminosity is expressed in units of [cm−2s−1]. The size of the 
ollision aer-ea depends on thebeam width in the horizontal (σx) and verti
al (σy) dire
tions; under the assumption of aperfe
t Gaussian shape it is:

Aeff = 4πσxσy (1.52)The number of events expe
ted for a 
ertain pro
ess in a given dataset is:
N = σ · L = σ ·

∫
Ldt (1.53)where L is the integrated luminosity over a 
ertain period of data taking.1.4.3 Higher order 
orre
tionsThe partoni
 
ross se
tion 
an never be 
omputed exa
tly, but only as a perturbation expan-sion in the 
oupling 
onstants. As a 
onsequen
e, the 
ross se
tion results in an asymptoti
series in the ele
troweak and strong 
oupling 
onstants. When 
al
ulating higher order 
or-re
tions, in�nite 
ontributions arise in the theory: they 
an be removed from the 
omputationby using the te
hnique of renormalisation, where these in�nities are reabsorbed in the redef-inition of masses, �elds and 
ouplings (introdu
ing the dependen
e on the renormalisations
ale µ2

R). At the LHC, the most relevant higher order 
orre
tions to 
onsider are usuallyprovided by QCD 
orre
tions, sin
e the 
oupling 
onstant αs ≫ αEW : the value of αs(mZ)is ≈ 0.118, so that the perturbative series in αs is only slowly 
onverging.In general the 
ross se
tion 
an be s
hemati
ally written as:
σ = αγ

EW αδ
s

NQCD∑

i=0

αi
sAi, (1.54)where the lowest order exponents γ in the EW 
onstant and δ in the QCD will depend on thepro
ess 
onsidered, while QCD 
orre
tions up to the order NQCD are 
onsidered. The termwith i = 0 is usually 
onsidered as leading order (LO), the term with i = 1 is the next-to-leading order term (NLO) and so on. With 
urrent te
hniques it is possible to 
al
ulate all

2 → N pro
esses with N ≤ 6 in LO in a fully automatised way (as implemented in the matrixelement generators of Sherpa [19℄ or of MadGraph [20℄). Cal
ulations beyond LO are di�
ultand exist only for a limited number of pro
esses. These kind of NLO or NNLO 
al
ulation arede�ned as �xed-order 
al
ulations. However, in addition, the impa
t of eventual ele
troweak
orre
tions needs to be evaluated pro
ess by pro
ess.For example, in the 
ase of the Higgs-strahlung pro
ess (pp → V H, with V = W,Z), whi
hwill be parti
ularly important for the se
ond part of the present thesis, a QCD NNLO (next-to-next-to-leading order) 
al
ulation exists [21℄. The leading order pro
ess is represented by theFeynman diagram of Fig. 1.5. Up to NLO this pro
ess 
an be fa
torised into the produ
tionof a virtual V boson with momentum k and then in the additional emission of a Higgs boson(if no higher order 
orre
tions in αEW are 
onsidered). The Higgs-strahlung pro
ess is, in this
ase, absolutely identi
al to the simple Drell-Yan pro
ess produ
ing a single ve
tor boson.The NLO 
orre
tions for Drell-Yan pro
esses were already 
omputed a long time ago (see forexample Refs. [22, 23℄), while the NNLO 
orre
tions have been 
omputed in Ref. [24℄; someof the diagrams entering the 
omputation of the NLO 
orre
tions are shown in Fig. 1.5.
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Figure 1.5: Diagram for the Higgs-strahlung pro
ess at leading order.
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Figure 1.6: Diagrams 
ontributing to the NLO QCD 
orre
tions to the ve
tor boson quark-antiquark vertex.It is 
ommon pra
tise to de�ne the K-fa
tor as:
KNLO =

σNLO

σLO
(1.55)and 
ompute the NLO di�erential distributions as dσNLO = KNLO · dσLO. Su
h a pro
edurenegle
ts any dependen
e of the K fa
tor on the kinemati
s of the produ
ed �nal states, whi
his, in the 
ase of virtual 
orre
tions, typi
ally a good approximation, but not in the 
ase oflarge real emission 
ontributions.The residual dependen
e of the pro
ess from the fa
torisation and renormalisation s
ales µ2

Fand µ2
R 
an be used to evaluate the stability of the perturbative expansion. In the 
ase of µ2

F ,at higher orders, in general a better 
an
ellation between the dependen
e in the parton densityfun
tions and in the partoni
 
ross se
tion will take pla
e, but also the dependen
e on therenormalisation s
ale µ2
R will be in general redu
ed, sin
e the residual dependen
e on the renor-malisation s
ale will 
ome from terms one order higher in the 
oupling 
onstant. Analogouslyto KNLO, also the NNLO K fa
tor 
an be de�ned. For the Higgs-strahlung pro
ess 
onsideredfor illustration here, without going into further details of the NNLO 
omputation, the resultin terms of K fa
tors for the Higgs-strahlung pro
ess and with un
ertainty bands 
orrespond-ing to varying the fa
torisation and renormalisation s
ales by 1

3mHV ≤ µR(µF ) ≤ 3mHV isshown in Fig. 1.7, whi
h is again taken from Ref. [21℄. The 
onvergen
e of the perturbativeseries when moving from LO to NLO and then �nally to NNLO is remarkable.In some 
ases ele
troweak 
orre
tions 
an be large for LHC pro
esses. This is indeed the
ase for the Higgs-strahlung pro
ess: the order O(α) ele
troweak 
orre
tions were 
omputedin Ref. [25℄ and 
ombined with the NNLO QCD 
orre
tions in Ref. [26℄. The result is shown inFig. 1.81: the �nal un
ertainty on the 
ross se
tion, evaluated both by varying the fa
torisationand renormalisation s
ales µ2
F and µ2

R and by 
onsidering the impa
t of PDF un
ertainties,is very small, below ≈ 6%.1The unphysi
al behaviour for mH ≈ 2mW or mH ≈ 2mt is due to not 
onsidering the �nite top quark or
W boson width.
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Figure 1.7: K fa
tors 
orresponding to aQCD NLO and NNLO 
omputation of theHiggs-strahlung pro
ess (pp → WH), withrelated un
ertainty bands.
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Figure 1.8: K fa
tor 
orresponding to 
on-sidering only QCD NNLO 
orre
tions and to
onsidering in addition NLO ele
troweak 
or-re
tions.1.4.4 All-order resummationThe result of a given �xed-order 
al
ulation is only useful if the sub-leading terms in theperturbative expansion are small. In the 
ase of strong intera
tions, if a �nal-state partonrepresenting a gluon or a quark is soft or 
ollinear with respe
t to another �nal state quarkor gluon, in these regions of the phase spa
e the terms of order αn
s in the expansion will bein general logarithmi
ally enhan
ed, i.e. terms of the kind:

σ = αγ
EW

[
∑

n

αn
s

(
c
(n)
2n L2n + c

(n)
2n L2n−1 + ...

)]
, (1.56)with L being a logarithm of the form log Q2

q2 , where Q is the s
ale of the hard intera
tion (forexample of the order of mWH for the Higgs-strahlung produ
tion mentioned before), while qis, for example, either the transverse momentum of a parton with respe
t to another (�nalstate radiation) or the absolute pT of an outgoing parton (initial state radiation).In the kinemati
 
on�gurations where the di�eren
e between the two mentioned s
ales of islarge, the logarithmi
 terms L are enhan
ed and the ratio of two su

essive terms in Eq. 1.56,whi
h is O
(
αsL

2
), 
an be
ome of order O(1), spoiling the 
onvergen
e of the perturbativeseries.In the 
ase of b-quarks in the �nal state, the heavy quark mass suppresses the emission of
ollinear radiation. However, logarithmi
ally enhan
ed terms 
an again arise if log

(
Q2

mb

) islarge. This is the 
ase for example for heavy �avour produ
tion at a hadron 
ollider [27℄, wherethe s
ale Q2 is of the order of the pT of the produ
ed b-quark in the �nal state, and therefore,sin
e pT (b) ≫ m(b), large logarithms will again appear in the matrix element 
al
ulation.Large logarithmi
 
orre
tions do also appear in one of the most important ba
kgrounds tothe Higgs-strahlung pro
ess 
onsidered in this thesis, Wbb̄, in the kinemati
 regions where
pT (bb̄) ≫ m(bb̄). In all these 
ases, the pre
ision of the matrix element 
al
ulation 
an besigni�
antly improved by either resumming analyti
ally the large logarithms or by interfa
ingthe matrix element 
al
ulation to a parton-shower algorithm.Analyti
 resummationThe �rst method does rely on resumming (re-ordering) analyti
ally the leading (LL) or next-to-leading (NLL) logarithmi
 terms in the perturbative expansion at all orders in perturbation
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edure has the advantage that it 
ontains no approximation, but atthe same time it usually does not allow to obtain fully di�erential 
ross se
tion predi
tionsand is limited to spe
i�
 observables.Parton-shower approa
hThe parton-shower approa
h is an alternative to analyti
 LL resummation. The starting pointis again a �xed-order matrix element 
al
ulation, whi
h results in nME�nal state partons.The starting hypothesis is that the (nME + nPS)-parton �nal state 
ross se
tion, in theregion of phase spa
e where additional radiation is enhan
ed (kinemati
 
on�gurations withlogarithmi
ally enhan
ed 
ollinear and soft radiation), does fa
torise into the n-parton �nalstate 
ross se
tion times nPS single 1 → 2 emissions of additional 
ollinear or soft partons.The 1 → 2 emission probability is provided by the Altarelli-Parisi splitting fun
tions [17,30℄.One of the short
omings of the parton-shower approa
h is that it negle
ts interferen
e termsbetween emissions of additional partons 
oming from two di�erent �nal state partons: it 
anhowever be shown (as derived in Ref. [31℄) that su
h interferen
e terms result in a suppressionof radiation happening at angles larger than the angle between the two emitting partons and
an be taken into a

ount by ordering the additional radiation in de
reasing emission angles.Starting from the nME �nal state partons of the matrix element 
al
ulation, the partonshower a
ts iteratively by 
ausing su

essive 1 → 2 bran
hings, driven by an evolution variable,whi
h 
an be either the virtuality of the in
oming parton (for Q2 ordered parton showers),the relative transverse momentum of the two partons (pT ordered) or the angle between thetwo partons. The latter two approa
hes are implemented respe
tively in re
ent versions ofPythia [32℄ and in Herwig [33℄ and both guarantee the angular ordering of the showerevolution. The s
ale at whi
h the parton-shower evolution starts is not uniquely determined,but is usually set equal to a s
ale 
hara
teristi
 of the hard s
attering pro
ess. The iterativesplittings whi
h take pla
e are governed by the so-
alled Sudakov fa
tor, whi
h expresses theprobability that no splitting takes pla
e between a starting s
ale Qstart and the splitting s
ale
Qsplit: based on this probability (whi
h depends on αs and on the unregularized Altarelli-Parisi splitting fun
tions), a Monte Carlo random number generator is used to generate apossible value of Qsplit, on top of whi
h the su

essive bran
hing will be applied. The evolutionends at a 
uto� s
ale Qcutoff (typi
ally 1-2 GeV), below whi
h the physi
s is expe
ted to enterthe non perturbative regime, and the four momenta of the �nal state partons are passed tothe hadronisation algorithm, whi
h maps �nal state partons into �nal state hadrons.This is the pro
edure whi
h is applied on top of the n �nal state partons and is therefore
alled �nal state radiation. In addition, also the two in
oming partons do radiate, but in this
ase the evolution does not pro
eed forward in time (forward evolution), but is tra
ed ba
kfrom the hard s
attering pro
ess to the original extra
tion of the partons from the protons.During the ba
kward evolution a 
orre
tion to the Sudakov fa
tor needs to be taken intoa

ount, whi
h suppresses bran
hes at large x (fra
tion of momentum kept after bran
hing)and makes expli
it use of the parton density fun
tion: the reason for this is that partons athigh x are less likely to have undergone bran
hing [31℄.The parton-shower algorithm provides an e�e
tive way to resum leading logarithmi
 
on-tributions to all orders in perturbation theory. At the moment no parton-shower algorithmexists whi
h is able to e�e
tively resum next-to-leading logarithmi
 terms. The parton-shower
annot repla
e an analyti
 resummation: it only provides an approximate resummation andit does violate 4-momentum 
onservation. In a parton-shower approa
h the 4-momenta arein fa
t adjusted after the parton-shower has been applied in order to restore 4-momentum
onservation. On the other side parton-shower algorithms have a fundamental advantage
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al frameworkwith respe
t to analyti
 resummation: as already stressed they allow, in 
ombination witha hadronisation model, to obtain fully di�erential and ex
lusive predi
tions by generating alarge ensemble of events whi
h asymptoti
ally re�e
t the expe
ted di�erential 
ross se
tion.It is important to stress that analyti
 resummation and parton-showers are only 
orre
t indes
ribing the kinemati
 regions where partons tend to be in the 
ollinear or soft limit. Evenif these approa
hes have been in many 
ases proven to be reliable even beyond the stri
tly
ollinear and soft kinemati
 regions, they will typi
ally break down if an additional hard andwell separated parton (jet) is required to be present in the event. In this 
ase the additionalparton needs to be des
ribed by the matrix element itself and the only solution is to extendthe matrix element 
omputation one step further in the perturbative expansion in αs.1.4.5 Interfa
ing higher �xed-order 
al
ulations with a parton-showerOne solution to solve this problem is to use the NLO parton level 
al
ulation. Howeverinterfa
ing a NLO matrix element 
al
ulation with a parton-shower algorithm is not straight-forward, sin
e the 
ontribution with real emission diagrams in the matrix element 
al
ulationresulting in the terms with n + 1 �nal state partons and the parton shower a
ting on top ofthe n �nal state matrix element 
al
ulation (either the LO the NLO virtual 
orre
tion term)will partially overlap, whi
h leads to double 
ounting. In addition, as in any NLO 
al
ulation,divergen
es arise whi
h need to be 
an
elled between the real emission and the virtual 
or-re
tions. Two di�erent pres
riptions exist in the literature to perform a proper mat
hing ofthe NLO 
al
ulation with a LL parton-shower algorithm and 
orre
tly treat the divergen
es:they are implemented respe
tively in the MC�NLO Monte Carlo program [34℄ and in the newPOWHEG method [35℄. The main advantage of the latter method over the former is that themat
hing pro
edure does not depend on the details of the parton-shower implementation andthat no events with negative weights are produ
ed. A NLO generator allows to obtain a morea

urate predi
tion of the total 
ross se
tion (whi
h re�e
ts QCD NLO a

ura
y) and, at thesame time, it avoids the need of using the parton-shower approximation for one additionaljet, so that the di�erential distributions for the n + 1 jet �nal state is expe
ted to be 
orre
tto NLO a

ura
y. However, a further additional jet in the event, even if hard and well sepa-rated from the other jets, will still need to be des
ribed by the parton-shower algorithm. Amat
hing pro
edure between a QCD NNLO parton level 
al
ulation and a LL parton-showerwould 
orre
tly des
ribe n + 2 hard and well separated jets and so on. A NNLO Monte Carlogenerator of this kind is beyond todays rea
h.If one gives up on the NLO a

ura
y, it is possible to obtain a 
orre
t des
ription (in termsof di�erential 
ross se
tion) of up to a higher number (at the moment ≤ 6) of hard and wellseparated additional jets, plus additional soft and 
ollinear radiations from them, by using theCKKW [36℄ and MLM [37℄ mat
hing pres
riptions. The idea is that, starting from the leadingorder 
ross se
tion where n �nal state partons are produ
ed, �nal states with n+1 hard jets are
orre
tly des
ribed by the real diagrams with one additional parton, �nal states with n+2 hardjets are des
ribed by real diagrams with two additional partons and so on. Diagrams with novirtual 
orre
tions (real emission diagrams with up to 6 �nal state partons) 
an be nowadaysgenerated in a 
ompletely automated way, within a reasonable CPU time. The 
onsequen
esof ignoring virtual 
orre
tions are not 
onsidered, but this a�e
ts only the a

ura
y in thepredi
tion of the rates, whi
h remain LO. Another 
onsequen
e of not 
onsidering virtual
orre
tions is that the real diagrams diverge when the additional produ
ed partons are soft or
ollinear to other partons: to avoid these singularities, a mat
hing pres
ription is implemented,so that the region of phase spa
e with hard and well separated partons (where no singularityarises) is des
ribed by the matrix element, while soft and 
ollinear emissions are generated by



1.4 From theory to event generation 21the parton-shower.In the 
ase of the Higgs-strahlung pro
ess studied in this thesis, the interesting signal andba
kground pro
esses2 are typi
ally in a 2 → 2 kinemati
 
on�guration and the 
orre
tionswhi
h are eventually needed (to 
ross-
he
k the parton-shower approximation or to a

ountfor the NLO 
orre
tions of the rates) 
ome from 2 → 3 pro
esses, so that a NLO Monte Carlo,based either on MC�NLO or POWHEG, would be the ideal tool to a

urately des
ribe thesepro
esses. Unfortunately no su
h NLO Monte Carlo exists for one of the main ba
kgrounds3pro
esses, whi
h is the reason why the study presented in this thesis relies on LO MonteCarlo generators only. Due to the jet veto implemented in the analysis, high multipli
ity �nalstates are not expe
ted to play an important role and therefore performing a matrix element/ parton shower mat
hing using the CKKW or MLM pres
riptions is not expe
ted to improvethe des
ription of the pro
ess.1.4.6 HadronisationThe output of a parton-shower Monte Carlo produ
es a set of quarks and gluons, with vir-tuality of the order of the 
uto� s
ale Qcutoff . At this s
ale the perturbative 
al
ulation ismat
hed to a phenomenologi
al des
ription of the non-perturbative transition from partonsto hadrons. A �xed s
ale Qcutoff is typi
ally used for the mat
hing and for the tuning of thehadronisation model. The idea is, however, that the hadronisation model is nearly universaland independent on the perturbative physi
s above Qcutoff .The two most used hadronisation models are the 
luster model and the string model : bothdes
ribe the experimental data very well (after appropriate tuning of the model parameters),a

ounting 
orre
tly for the 
orrelations between the di�erent 
olour-
onne
ted partons andare implemented respe
tively in the Herwig and in the Pythia Monte Carlo generators.The basi
 idea of the string model [38℄ is that a quark antiquark pair is 
onne
ted by a
olour string. When the quark and antiquark move further apart, the potential energy of the
olour �eld between them in
reases linearly with their distan
e and the 
olour �eld 
ollapses ina string-like 
on�guration. While the energy in
reases, qq̄ pairs are spontaneously generatedout of the string, whi
h then form the �nal state hadrons. If gluons are present, they produ
ekinks along the strings, whi
h initially preserve the gluon momenta. A string is therefore
hara
terised by its endpoints (the quarks) and a 
ertain number of kinks (the gluons). Inprin
iple the assignment of strings to the �nal state partons is not uniquely de�ned: howeverit 
an be shown, at least in the leading 
olour Nc approximation, that the leading 
ontribution
omes from strings stret
hing between the 
losest opposite sign partons, whereas further string
onne
tions are suppressed by a fa
tor 1
N2

c
.The 
luster model relies on the formation of 
olour-singlet 
lusters of partons, whi
h thensubsequently de
ay into the observed hadrons. This happens most easily by non-perturbativesplitting of gluons into qq̄ pairs. Colour-singlet 
lusters with masses of up to a few GeV
an then be seen as superpositions of meson resonan
es and therefore de
ay into mesonsand baryons, where their relative fra
tion is typi
ally well reprodu
ed by the 
lusterizationdependen
e on the available energy density and phase spa
e.1.4.7 Underlying eventThe underlying event is de�ned as the out
ome of additional parton intera
tions taking pla
eamong 
omponents of the same protons whi
h give rise to the hard s
attering pro
ess of2These pro
esses are the signal (W/ZH), the diboson (WW/ZZ/WZ), top (tt̄) and W/Z + jj ba
kground(dominated by W/Zg → W/Zbb̄).3This ba
kground is the Wbb̄ or, more in general, the Wjj pro
ess.
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al frameworkinterest. The problem is both that the additional parton-parton intera
tions result in verylow pT s
attering pro
esses, whi
h are di�
ult to a

ount for by using perturbative methodsonly. Di�erent multiple parton intera
tion (MPI) models exist on the market. One of thesemodels, implemented in Pythia, is des
ribed in Ref. [39℄. This model assumes that multipleintera
tions take pla
e in a substantially independent way (ex
ept for the e�e
t of proton mo-mentum 
onservation), so that Poisson statisti
s 
an be used, and that they 
an be des
ribedby using perturbative QCD above a 
ertain s
ale pmin
T (sin
e the perturbative 
ross se
tionwill diverge for pT → 0) and by a simple two string model at lower pT . The 
hosen s
ale

pmin
T is one of the main parameters of the model. A dependen
e on the proton-proton impa
tparameter is also introdu
ed (as an option), sin
e a lower impa
t parameter is equivalent toan in
reased overlap of the two protons in the 
ollision and therefore in
reases the amount ofmultiple parton intera
tions. An alternative model is implemented in the JimmyMonte Carloprogram, whi
h is des
ribed in detail in Ref. [40℄. This model is usually used in 
ombinationwith the Herwig Monte Carlo program.1.4.8 Pile-upAt LHC the hard s
attering events of interest will originate from a single proton-protonintera
tion out of the 
ollision of two bun
hes �lled with protons. While it is extremelyunlikely that more than one 
olliding proton-proton pair will produ
e a high pT hard s
atteringevent when the 
ollision of two proton bun
hes takes pla
e, in general several additionallow pT intera
tions will take pla
e among other proton-proton pairs in the same bun
hes.These are usually 
alled minimum bias events (or pile-up events), sin
e they 
an be mosteasily experimentally dete
ted under minimal trigger requirements: under these 
onditionsin general no hard s
attering event will take pla
e (sin
e it is extremely unlikely) and allintera
tions will 
ome from low pT s
attering pro
esses.The minimum bias intera
tions are 
ompletely independent from the hard s
attering pro
essand are therefore easier to des
ribe than the underlying event, even if they also su�er fromthe perturbative approa
h breaking down at very low pT . The s
attering pro
ess at very low

pT 
an be distinguished in single di�ra
tive, double di�ra
tive and non di�ra
tive inelasti
events [41℄. Even if this is only an approximation, only the last two were 
onsidered in ATLASso far (see Ref. [42℄) and a 
ross se
tion of ≈ 70 mb was assumed, whi
h is a�e
ted by sizabletheoreti
al un
ertainties, due to the fa
t that the extrapolation from Tevatron energies to theLHC is based on model assumptions. If the size of the intera
ting proton bun
hes is su�
ientwith respe
t to the experimental resolution, the additional intera
tions from minimum biasevents 
an be spatially distinguished from the hard s
attering event: this is the reason whythe experimental event-by-event re
onstru
tion of the primary intera
tion verti
es out of their
harged de
ay produ
ts, whi
h will be the obje
t of the �rst part of the present thesis, is animportant experimental handle to suppress the 
ontamination from pile-up events.In addition to the in-time pile-up events 
onsidered here, where additional pile-up inter-a
tions are taking pla
e nearly at the same time of the hard s
attering pro
ess (out of theintera
tions of the same proton bun
hes), also out-of-time pile-up events need to be 
onsid-ered. In fa
t, as will be dis
ussed in the next se
tion, the time interval between two 
onse
utivebun
h 
ollisions at the LHC is, at design, only 25 ns, whi
h is shorter than the average re-sponse time of many of the subsystems of the ATLAS dete
tor, so that the time informationalone is not su�
ient to separate these events.



2 Higgs phenomenologyOne of the main aims of the LHC is to elu
idate whether the me
hanism of symmetry breakingpostulated by the Standard Model of fundamental intera
tions and elementary parti
les isreally realised in nature. This question 
an be answered by either �nding the Higgs bosonand measuring its properties or by ex
luding that it does exist over the full mass range towhi
h its existen
e is limited by the a
tual theoreti
al and experimental bounds des
ribed inSe
tion 1.3.2.1 Higgs de
ays
Z
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aying in the di�erent possible 
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tion of the Higgs boson mass MH . Takenfrom Ref. [13℄.
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10001001010.10.010.001Figure 2.2: Total Higgs boson width as a fun
-tion of the Higgs boson mass MH . Taken fromRef. [13℄The Higgs boson is an unstable parti
le, whi
h 
an be dete
ted only through its de
ayprodu
ts. The Higgs boson 
ouples dire
tly to di�erent parti
les, opening up the possibilityof having several de
ay 
hannels. The produ
tion and the de
ay of a Higgs boson 
an befa
torised under the narrow width approximation. Under this hypothesis the Higgs bosonwidth is su�
iently small with respe
t to its mass that non-resonant 
ontribution 
an benegle
ted and the mass of the outgoing Higgs boson 
an be 
onsidered on-shell, whi
h leadsto the above mentioned fa
torisation. The fra
tion of Higgs bosons de
aying into a 
ertainde
ay 
hannel is 
alled bran
hing ratio and depends on the partial and total de
ay widths:
BR(H → f) =

Γf

ΓTOT
, (2.1)where ΓTOT is the total de
ay width. The bran
hing ratios of the various 
hannels dependon the Higgs boson mass mH and the result of the 
omputation of the bran
hing ratios isshown in Fig. 2.1, together with the total de
ay width, whi
h is illustrated in Fig. 2.2. Allde
ay widths are obtained by in
luding the available QCD and ele
troweak 
orre
tions (agood overview is provided by Ref. [13℄), as 
ontained in the HDECAY program [43℄. 23



24 2 Higgs phenomenologyGiven the Higgs 
ouplings introdu
ed in Se
tion 1.2.2, the Higgs boson de
ays at treelevel into pairs of ele
troweak gauge bosons (H → W+W−, ZZ) and into pairs of quarksand leptons (H → qq̄, l+l−). Due to loop 
orre
tions, it 
an also de
ay into two photons(H → γγ), two gluons (H → gg) or a γZ pair (H → γZ). The bran
hing ratios of theHiggs boson in these 
hannels have a signi�
ant di�erent behaviour for a light Higgs boson(mH < 130 − 140 GeV) and a heavy Higgs boson (mH ≥ 130 − 140 GeV).At low Higgs boson masses the H → bb̄ de
ay 
hannel dominates (BR ≈ 67% with mH = 120GeV), followed by the H → ττ 
hannel (BR ≈ 6.9% with mH = 120 GeV), whi
h is aroundone order of magnitude lower. The H → gg de
ay plays no role at a hadron 
ollider, sin
e itwill be impossible to separate it from the huge ba
kground from multi-jet QCD events. The
H → γγ de
ay 
hannel has a very low bran
hing ratio (BR ≈ 0.2% with mH = 120 GeV), butthe very good experimental mass resolution allowed by the γγ �nal state and the relativelylow rate of quark or jets fragmenting into high energy isolated photons allows the extra
tionof a signal in the presen
e of very large 
ontinuum ba
kgrounds.At high Higgs boson masses the dominant de
ays are H → W+W− and H → ZZ, inparti
ular for Higgs boson masses above the respe
tive 2mW and 2mZ thresholds, while,above 2mt, also the H → tt̄ de
ay 
hannel opens up. There is also an intermediate region,below the mH = 2mW mass threshold, where the three-body de
ays into WW ∗ or ZZ∗be
ome important, due to the large HWW and HZZ 
ouplings, even if they are suppressedby the fa
t that one of the two W or Z bosons are o�-shell.2.2 Produ
tion modes at the LHC
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t̄Figure 2.3: The dominant Standard Model Higgs boson produ
tion me
hanisms at the LHC: gluon fusion(top left), ve
tor boson fusion (top right), Higgs-strahlung (bottom left) and asso
iated produ
tion with a topantitop quark pair (bottom right).The parton level pro
esses whi
h allow the produ
tion of a Higgs boson at a hadron 
olliderand, more spe
i�
ally, at the LHC are shown in Fig. 2.3. Their 
ross se
tion, assuming thenominal 
entre-of-mass energy of 14 TeV, are shown in Fig. 2.4.The leading produ
tion mode is gluon-gluon fusion, gg → H, whi
h, even if loop indu
ed,is enhan
ed due to the heavy top-quark loop, followed by the weak boson fusion, qq̄ → qq̄H,
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0.1Figure 2.4: Cross se
tions for the main Higgs boson produ
tion modes at the LHC 
omputed at NLO, as afun
tion of the Higgs boson mass (taken from Ref. [13℄).where the Higgs boson is produ
ed in asso
iation with two forward jets, with large rapiditygap between them. Other interesting pro
esses, in de
reasing order of 
ross se
tions, are theHiggs-strahlung pro
ess, where the Higgs boson is produ
ed in asso
iation with either a Wor Z boson (qq̄ → V H with V = W,Z), and �nally the asso
iated produ
tion with a pair oftop antitop quarks (gg → tt̄H).Sin
e the 
entre-of-mass of the parton-parton intera
tion produ
ing the Higgs boson mustbe of the order of the Higgs boson mass and the 
entre-of-mass energy of the intera
tingprotons is √
s = 14 TeV, in general very small values of the parton momentum fra
tions xare probed. In this region the probability to extra
t a gluon out of a proton (gluon PDF) issigni�
antly higher than the 
orresponding probability to extra
t a quark or antiquark. Thisis the reason why in general pro
esses initiated by gluons, as the gluon fusion pro
ess, aresigni�
antly enhan
ed with respe
t to pro
esses initiated by quarks or antiquarks.2.3 ATLAS Dis
overy potentialIn prin
iple the dete
tion of a Higgs boson in one of the two multipurpose dete
tors at theLHC (CMS or ATLAS) 
an be 
arried out in any 
ombination of Higgs boson produ
tion modeand de
ay 
hannel. For ea
h of these 
ombinations, the expe
ted rate is given by the produ
tof the 
ross se
tion and the bran
hing ratio (σ×BR), times the instantaneous luminosity. Therate alone however does not provide any indi
ation of whether the spe
i�
 Higgs boson sear
h
hannel 
onsidered is sensitive to the eventual presen
e of the Higgs boson: the sensitivityis instead 
ondensed in the expe
ted dis
overy signi�
an
e. The signi�
an
e of a spe
i�
sear
h 
hannel does mainly depend on how 
leanly the signature provided in the dete
tor 
anbe extra
ted from very similar signatures provided by other, typi
ally mu
h more 
opiouslyprodu
ed, ba
kground events. This has been studied in detail during the last 10-15 yearsfor many possible sear
h 
hannels, using in
reasingly realisti
 Monte Carlo simulations (bothfrom the point of view of event generation and dete
tor simulation): the most re
ent resultsprodu
ed by the ATLAS Collaboration are shown in terms of dis
overy signi�
an
e for thevarious sear
h 
hannels in Fig. 2.5.For Higgs boson masses above mH ≈ 130 GeV and below mH ≈ 450 GeV, assuming a 
entre-
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Figure 2.5: ATLAS dis
overy potential of a Standard Model Higgs boson as a fun
tion of the Higgs bosonmass, 
orresponding to an integrated luminosity of 10 fb−1 (taken from Ref. [44℄).of-mass energy of √s = 14 TeV, a Standard Model Higgs boson 
an be dis
overed with theATLAS Dete
tor after having 
olle
ted at least 10 fb−1 of data. The most signi�
ant 
hannelsare H → W+W− both in gluon and in ve
tor boson fusion and H → ZZ. The H → ZZis also the most suitable 
hannel to extend the Higgs sear
hes to Higgs boson masses of upto very high masses. It should be noti
ed that two important Higgs boson 
hannels, namely
H → WW → (eνeν, µνµν), have not yet been 
onsidered in the 
ombination and will beadded in a se
ond step.Below mH ≈ 130 GeV, the situation is more di�
ult and the dis
overy sensitivity toa Standard Model Higgs boson needs to rely on the 
ombination of di�erent 
hannels, inparti
ular H → γγ and qq̄H → qq̄τ+τ−. For the H → γγ 
hannel only the in
lusive analysis(based mainly on the gluon fusion produ
tion mode) was 
onsidered for the 
ombination. Thelow mass region is 
ertainly where the LHC will have the hardest time to dis
over a Higgsboson and a higher amount of integrated luminosity (but less than 30 fb−1) may be neededto 
laim a 5σ dis
overy.Ex
luding the presen
e of a Higgs boson 
orresponding to a 
ertain mass is nearly asimportant as dis
overing that a Higgs boson of a 
ertain mass exists. The amount of integratedluminosity required to ex
lude a Higgs boson of a 
ertain mass, with a 
ertain 
on�den
e level,is shown in Fig. 2.6, for Higgs boson masses up to 140 GeV.2.4 Higgs de
ays to b-quarksGiven that the dis
overy of a Higgs boson with a mass 
lose to the LEP2 limit of 114.4 GeV ismore 
hallenging as 
ompared to higher Higgs boson masses, it would be desirable to be ableto rely on additional sear
h 
hannels, both to in
rease the dis
overy potential and to makethe overall sear
h for a light Higgs boson more robust.At low Higgs boson masses, as already shown in Fig. 2.1, most of the Higgs bosons de
ayinto a pair of b-quarks, whi
h are re
onstru
ted as heavy �avour jets in the dete
tor. Thanksto the experimental ability to identify b-quark jets (b-tagging), these de
ays may be
omea

essible, however several problems arise:

• The presen
e of b-quark jets in the event 
annot be used as a 
riterion for the on-line
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Figure 2.6: Expe
ted integrated luminosity required for ATLAS to ex
lude a Higgs boson mass mH at a
on�den
e level given by the 
orresponding 
olour. The area below 2 fb−1 indi
ates the region where the largestatisti
s limit, on whi
h these ex
lusion limits are based, is not expe
ted to hold (taken from Ref. [44℄).sele
tion of events (at least not at the �rst trigger level). As a result only the produ
tionmodes with additional signatures, su
h as a top-antitop quark pair in the tt̄H produ
tionor a W or Z boson in the V H (with V = Z,W ) produ
tion mode, resulting in leptoni
de
ays, 
an be really e�
iently triggered on.
• Even in the tt̄H and V H sear
h 
hannels, the sear
h for the Higgs boson su�ers fromlarge ba
kgrounds from events with light quark (u, d, s) or gluon jets, like respe
tively

tt̄jj and V jj. In order to reje
t them e�
iently, the b-jet identi�
ation algorithm needsto reje
t light- or gluon jets with a misidenti�
ation e�
ien
y of the order of 10−2(≈ 10−4 for a pair of jets), keeping at the same time a reasonable fra
tion of b-jets.
• Ba
kground events with real b-jets produ
ed by strong intera
tions will be 
opiouslyprodu
ed at the LHC. These provide an irredu
ible ba
kground whi
h 
annot be reje
tedby applying the b-jet identi�
ation algorithm. A good bb̄ di-jet invariant mass resolutionis the most important handle against this ba
kground. For the tt̄H and V H sear
h
hannels these ba
kgrounds are respe
tively tt̄bb̄ and V bb̄.Due to these reasons, it is 
lear that the gg → H → bb̄ sear
h 
hannel is impossible to a

essat the LHC: the ba
kgrounds from QCD di-jet ba
kground events are too large. However alsothe qq̄ → qq̄H → qq̄bb̄ sear
h 
hannel was not mentioned above: in this sear
h 
hannel theve
tor boson fusion signature does in prin
iple provide a handle to signi�
antly redu
e thelarge ba
kgrounds from multi-jet QCD events. A realisti
 parton level study was performedfor the �rst time in Ref. [45℄. Sin
e this sear
h 
hannel relies entirely on hadroni
 �nal states,tight sele
tion 
riteria need to be applied on the forward jets produ
ed in asso
iation withthe Higgs boson in order to be able to sele
t these events at trigger level. The main sour
eof ba
kground 
ontamination 
omes from irredu
ible QCD 4-jet events, bb̄jj. The dis
overypotential of the 
hannel with an integrated luminosity below 30 fb−1 is therefore found to bevery marginal. At higher integrated luminosities, the e�e
t of high luminosity pile-up should
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onsidered, before any realisti
 statement 
an be made. Re
ently a new sear
h 
hannel inve
tor boson fusion, qq̄ → qq̄H → qq̄bb̄γ, with the addition of a photon in the �nal state, hasalso been proposed [46℄. Even if the signal is redu
ed by around two order of magnitudes,the signal-to-ba
kground ratio does 
onsiderably improve, due to the destru
tive interferen
ebetween various terms with 
entral photon emission in the QCD 4-jet plus photon ba
kground(bb̄jjγ). Experimental studies are on-going (they rely on the photon for the trigger sele
tion ofevents), but, even a

ording to the parton level study, a high amount of integrated luminosity(≈ 100 fb−1) will be needed to get a sensitivity of up to 3σ.The remaining two (more promising) sear
h 
hannels with Higgs bosons de
aying into
b-quarks are tt̄H and W/ZH. The tt̄H 
hannel was found to be very promising in the�rst physi
s potential studies performed at the time of the ATLAS Te
hni
al Design Report(TDR) [42℄. However with a more realisti
 estimate of the two main ba
kgrounds (tt̄jj and
tt̄bb̄), and with a more realisti
 dete
tor simulation [44℄, the expe
ted statisti
al signi�
an
ewith an integrated luminosity of 30 fb−1 has de
reased to ≈ 2σ. Even worse, when a realisti
un
ertainty on the ba
kground level is 
onsidered, the signi�
an
e is found to be marginal(≈ 0.5σ). On the theory side a new parton level study has just been performed in order totry to res
ue the sensitivity in this 
hannel, by requiring the Higgs boson and one of the twotop quarks to have high transverse momenta [47℄. The result is that with 30 fb−1 a statisti
alsigni�
an
e of 2.2-2.6σ 
an be obtained, slightly higher than in in
lusive analysis, but withan improved signal-to-ba
kground ratio; however, the main advantage of this analysis is that,due to a signi�
antly redu
ed 
ombinatorial ba
kground from the signal and smoother bb̄mass distributions from the ba
kgrounds, it should be possible to estimate the ba
kground
ontribution using the bb̄ mass sidebands and the systemati
 un
ertainty on the ba
kgroundlevel, therefore, should be strongly redu
ed.A detailed dis
ussion of the W/ZH sear
h 
hannels will be the subje
t of the se
ond partof the present thesis, in Chapters 7 and 8, where a novel idea about how to improve thesensitivity in these 
hannels is exploited [1℄ and a �rst 
omplete experimental study of these
hannels is performed, in order to demonstrate that the W/ZH sear
h 
hannels 
an indeedbe used to re
over a real sensitivity to a light Higgs boson de
aying to b-quarks.One of the 
ru
ial ingredients of these low mass Higgs boson sear
hes is the ability to identifythe b-quark jets with high e�
ien
y and low misidenti�
ation rates. Quite some e�ort has beenspent in the 
ourse of the present thesis to improve the b-jet identi�
ation performan
e, bydeveloping new algorithms based on the expli
it dete
tion of se
ondary verti
es, as dis
ussedin detail in Chapter 6.2.5 Measurement of Higgs 
ouplingsOn
e the Higgs boson has been dis
overed, it will be important to measure its properties inorder to make sure that what has been observed does really 
orrespond to the Standard ModelHiggs boson. These properties in
lude a more pre
ise determination of the Higgs boson mass,of the width of the Higgs boson resonan
e (at least in the mass range where the experimentalresolution does allow to resolve it), the measurement of the spin and CP eigenstate, thedetermination of the Higgs boson 
ouplings and, even if it seems not to be possible at theLHC, the Higgs Boson self-
ouplings. In this se
tion only the measurement of the Higgsboson 
ouplings for a light Higgs boson will be brie�y dis
ussed, for whi
h the H → bb̄ sear
h
hannels play a fundamental role, while a detailed dis
ussion of the determination of theremaining properties 
an be found for example in Refs. [13, 48℄.A re
ent detailed study of the determination of the Higgs boson 
ouplings for a Higgs bosonwith mH = 120 GeV has been presented in Ref. [49℄, whi
h partially updates (for this spe
i�




2.5 Measurement of Higgs 
ouplings 29Higgs boson mass) the results presented in Refs. [50℄ and [51℄. The result of this study willbe brie�y dis
ussed here.In general it is possible to translate the observed number of signal events for a 
ertain Higgsboson produ
tion and de
ay mode dire
tly into a measurement of the 
orresponding σ · BR,by taking into a

ount a proportionality fa
tor whi
h depends on the integrated luminosityand on the signal a

eptan
e. Up to a good approximation,
σ · BR ∝ ΓiΓf

ΓTOT
, (2.2)where Γi and Γf are the partial de
ay widths involving respe
tively the Higgs 
ouplings atprodu
tion and de
ay and ΓTOT is the total Higgs boson de
ay width. By exploiting all sear
h
hannels whi
h are a
tually 
onsidered promising in ATLAS or, more in general, at the LHC,it is possible to 
onstrain the Higgs 
ouplings gjjH to fermions or ve
tor bosons (j = f, v),whose expression was introdu
ed in Se
tion 1.2.2.Sin
e the main idea is to look for deviations from the values of the Higgs 
ouplings aspredi
ted by the Standard Model, the Higgs 
ouplings are parametrised as:

gjjH = gSM
jjH(1 + ∆jjH), (2.3)so that a measurement resulting in ∆jjH = 0 expresses perfe
t 
ompatibility with the Stan-dard Model. Due to the fa
t that the 
ouplings in most of the 
ases enter the partial widthsin squared form, a sign ambiguity 
an arise, so that, in the 
ase the Standard Model, a se
ondsolution at ∆jjH = −2 
an be found. The total Higgs width is allowed to 
hange roughly inthe same way:

ΓTOT = ΓSM(1 + ∆Γ) (2.4)
σ

∆WWH ± 0.24
∆ZZH ± 0.46
∆ttH ± 0.59
∆bbH ± 0.64
∆ττH ± 0.57
∆γγH ± 0.55
∆ggH ± 0.80Table 2.1: Errors expe
ted on the Higgs 
ouplings after 
olle
ting 30 fb−1 of integrated luminosity, based ona single experiment. Symmetri
 errors are assumed here. E�e
tive ggH and γγH 
ouplings are in
luded inthe analysis. Taken from Ref. [49℄.The result of the the global �t to the Higgs 
ouplings, in terms of errors a
hievable on thedeviations of the 
ouplings from the Standard Model, is illustrated in Table 2.1, whi
h showsthat a su�
iently a

urate determination of the most important Higgs 
ouplings to fermionsand bosons is indeed possible already with 30 fb−1, based on a single experiment.One of the most important assumptions made in this analysis is that the Higgs boson 
ou-pling to b-quarks 
an be a

essed via the W/ZH → W/Zbb̄ sear
h 
hannels. This assumptionis based on the hadron level study of Ref. [1℄. If this would not be the 
ase, the ability to
onstraint not only the Higgs boson 
oupling to b-quarks, but also the remaining Higgs 
ou-plings, would be strongly de
reased, as shown in Fig. 2.7. In fa
t, after removing this sear
h
hannel, there is essentially no 
onstraint anymore on the gHbb̄ 
oupling and also the pre
ision
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HgamgamFigure 2.7: Pro�le likelihood probability distributions in terms of 1/∆(χ2) for the determination of the Higgs
ouplings, obtained �rst by in
luding also the WH/ZH 
hannels (upper row) and then by in
luding only the
tt̄H 
hannel (lower row), both with a de
ay H → bb̄. The variable ∆(χ2) expresses the di�eren
e of the pro�lelikelihood ratio value as a fun
tion of the Higgs 
oupling of interest with respe
t to the value whi
h maximisesthe pro�le likelihood ratio, using the χ2 approximation in the vi
inity of the maximum. All experimental andtheory errors are in
luded. Taken from Ref. [49℄.with whi
h also the other 
ouplings (like gHWW ) 
an be determined is signi�
antly redu
ed.The reason for this is that all observed rates, as illustrated in Eq. 2.2, are sensitive to theprodu
t of two partial widths divided by the overall Higgs boson total width. The total widthis dominated by the partial de
ay width into b-quarks, so that, if this is not 
onstrained,it is possible to arbitrarily s
ale down or up all observed rates, whi
h makes the system ofequations substantially less 
onstrained.This 
on�rms that, if a Higgs boson with a mass around 120 GeV is present in nature, the
WH/ZH 
hannels with H → bb̄ are absolutely 
ru
ial to measure the Higgs boson 
ouplingsand make sure the 
ouplings agree with the Standard Model predi
tions. The dete
tor levelstudy presented in this thesis 
an be used to obtain a more realisti
 estimate of the parametersto be used as input to the measurement of the Higgs boson 
ouplings.



3 The ATLAS Experiment and itsenvironment3.1 The Large Hadron ColliderThe Large Hadron Collider (LHC) [52℄ is a hadron a

elerator and 
ollider installed in theexisting 26.7 km long tunnel that was previously 
onstru
ted to host the LEP ma
hine. Beinga parti
le-parti
le rather than a parti
le-antiparti
le 
ollider, the LHC 
ollider 
onsists of tworings with 
ounter-rotating beams. Due to the limited size of the LEP tunnel, a two-in-onedesign was 
hosen for the super
ondu
ting magnets needed to keep the a

elerated parti
lesalong the 
urved traje
tory, so that the magnets provide a magneti
 �eld in opposite dire
tionsfor the two nearby lying a

elerated parti
le beams. The LHC is mostly a proton-proton
ollider, but dedi
ated runs are also foreseen with lead-lead ion 
ollisions. The ATLAS andCMS experiments are lo
ated at two opposite points of the LEP tunnel, whi
h are 
alledrespe
tively Point 1 and Point 5. Their operation will depend in an essential way on theparameters of the beams the LHC 
ollider will deliver.The maximum beam energy that the LHC 
an deliver depends on the maximum magneti
�eld of the dipole magnets needed to keep the parti
les along the traje
tory: the nominal�eld is 8.33 T, whi
h 
orresponds to a beam energy of 7 TeV. This 
orresponds to 
ollisionsat an unpre
edented 
entre of mass energy of √s = 14 TeV, whi
h will permit to signi�
antlyextend the physi
s rea
h in terms of sensitivity to the Higgs boson and to eventual new physi
sphenomena with respe
t to previous experiments.Apart from the beam energy, a se
ond fundamental parameter is the delivered instantaneousluminosity. This depends on the parameters of the LHC ma
hine and on the 
on�guration ofthe magnets (mainly quadrupoles) in the proximity of the experiments, whi
h have to fo
usthe beams into the point where the 
ollisions take pla
e. The protons will be a

elerated alongthe LHC rings in both dire
tions in the form of spatially distin
t bun
hes, the nominal distan
ebeing 25 ns, whi
h 
orresponds to 7.5 m. When they are brought to 
ollision, they are not
ollided head on, but a small 
rossing angle of the order of 150-200 µrad is adopted to avoidthe o

urren
e of parasiti
 
ollisions. The formula expressing the luminosity as a fun
tionof the geometri
al 
hara
teristi
s of the 
olliding bun
hes and of the ma
hine parameters(Eq. 1.51 in Se
tion 1.4.2) 
an be expressed in more detail as:
L =

N2
b nbfrevγr

4πǫnβ∗ F, (3.1)where Nb is the number of parti
les per bun
h, nb the number of bun
hes per beam, frevthe revolution frequen
y, γr the relativisti
 gamma fa
tor, ǫn the normalised transverse beamemittan
e, β∗ the beta fun
tion at the 
ollision point and F the geometri
al luminosity re-du
tion fa
tor due to the 
rossing angle at the intera
tion point (IP):
F =

(

1 +

(
θcσz

2σ∗

)2
)− 1

2

, (3.2)31



32 3 The ATLAS Experiment and its environmentwhere θc is the full 
rossing angle at the IP, σz the RMS of the bun
h length and σ∗ is the RMSof the transverse beam size at the IP. The expe
ted peak design luminosity, together with themain a

elerator parameters are shown in Table 3.1. The parameters are shown for inje
tionand 
ollisions at design luminosity. In addition, even if the evolution of the instantaneousluminosity will depend on how the 
ommissioning of the ma
hine will pro
eed, some of thema
hine parameters foreseen for the �rst physi
s run at Ebeam = 3.5 TeV are also shown.In addition to the beam energy and to the delivered luminosity, the spa
e-distribution of theintera
tion region at the 
entre of the ATLAS Dete
tor, whi
h is usually denoted as beam spot(BS), is very important, in parti
ular when additional low pT parton-parton intera
tions frompile-up are 
onsidered. In fa
t these additional pile-up intera
tions will distribute randomlya
ross the intera
tion region. Given a head-on 
ollision of the two beams (with zero 
rossingangle) and under the hypothesis of Gaussian distributed protons inside a bun
h, the spa
e-distribution of the intera
tion region is approximately the produ
t of the spa
ial distributionsof the protons in the two bun
hes:
P (~rint) = Pbunch1(~r) · Pbunch2(~r), (3.3)so if the protons in the two bun
hes are Gaussian distributed in the same way, the produ
twill result in another Gaussian distribution, with:

σBS =
σbunch√

2
. (3.4)Crossing angles of the order of 300 µrad, as in the nominal running s
enario, leave the trans-verse size of the beam spot essentially una�e
ted, but slightly shorten the longitudinal beamspot size. The intera
tion region is therefore des
ribed by a Gaussian probability distribution,whi
h at nominal luminosity has a standard deviation of σBS

x,y = 12 µm in the transverse planeand σBS
z = 45 mm in the longitudinal dire
tion (along the beams). During the �rst physi
srun at √

s = 7 TeV expe
ted during end of 2009 - autumn 2010 (see Table 3.1), the beamspot is expe
ted to be signi�
antly di�erent, with a standard deviation of σBS
x.y = 32 µm inthe transverse plane and of 42 mm in the longitudinal plane.In all studies presented in this thesis the beam energy will be assumed to be √

s = 7 TeV,as in the nominal s
enario. The beam spot in the simulation is assumed to have a size of
σBS

x,y = 15 µm and σBS
z = 55 mm.The amount of pile-up events 
ru
ially depends on the instantaneous luminosity and on thebun
h 
rossing spa
ing. The number of expe
ted pile-up events per bun
h 
rossing, based onthe rate de�nition of Eq. 1.50 of Se
tion 1.4.2:

R = σMB · L · ∆tBC

1 − fempty
, (3.5)where ∆tBC is the time interval between two bun
h 
rossings and fempty is the fra
tion ofempty bun
hes, whi
h is assumed to be 20%. As a result, the average number of pile-upintera
tions expe
ted per bun
h 
rossing at design luminosity, under the assumption that

σMB = 70 mb, is µ ≈ 23. During the �rst years of LHC running, after the start-up phase, along run at a luminosity of ≈ 2 · 1033 cm−2s−1 is expe
ted. This is usually referred to as thelow luminosity s
enario, on whi
h most of the physi
s analyses to be performed in the �rstyears of ATLAS, in
luding the Higgs analysis presented in this thesis, are based. In this 
ase,only an average of µ ≈ 4.6 pile-up events per bun
h 
rossing are expe
ted.During the start-up phase of the LHC, when the instantaneous luminosity will be progres-sively in
reased, it might be easier to �rst in
rease the number of parti
les per bun
h than
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tor 33Inje
tion Collision First physi
s runEnergy 450 GeV 7000 GeV 3500 GeVLuminosity nominal 1034 
m−2 s−1 ?ultimate 2.5 · 1034 
m−2 s−1 -Number of bun
hes 2808 ?Bun
h spa
ing 25 ns ≥ 50 nsNumber of parti
les per bun
h nominal 1.15 · 1011 ?ultimate 1.7 · 1011 -Beam 
urrent nominal 0.58 A ?ultimate 0.86 A -Transverse emittan
e 3.5 µm 3.75 µm 3.75 µm(rms,normalised)Longitudinal emittan
e 1.0 eVs 2.5 eVs ≈ 1 eVsBun
h length, total (4σ) 1.7 ns 1.0 ns ≈ 0.8 nsSyn
hrotron radiation loss per turn 0 7 keV ?Relativisti
 gamma 479.6 7461 3730.26
β at IP1 and IP5 18 m 0.55 m 1-3 mHalf 
rossing angle at IP1 and IP5 (θc/2) ±160 µrad ±142.5 µrad 0 or ±150 µradGeometri
al luminosity redu
tion fa
tor F - 0.836 0.98 − 1RMS bun
h length 11.24 
m 7.55 
m 5.41 
mRMS beam size at IP1 and IP5 (σ∗) 375.2 µm 16.7 µm 45 µmTable 3.1: Main ma
hine parameters of the LHC 
ollider in the proton proton 
ollision mode.to redu
e the time interval between two following bun
hes. While this will probably permitto rea
h higher luminosities in a shorter time, it will also substantially in
rease the numberof expe
ted pile-up intera
tions. This means that a signi�
ant 
ontamination from pile-upevents may be expe
ted even for instantaneous luminosities below L = 1032 cm−2s−1. Oneof these s
enarios will be 
onsidered for the primary vertex �nding studies presented in thisthesis (Chapter 5).3.2 The ATLAS dete
torThe high energy and luminosity delivered by the LHC 
ollider will produ
e 
ollisions in theATLAS dete
tor at high intera
tion rates, with very high radiation doses, in parti
ular inthe proximity of the intera
tion region, where pro
esses with high parti
le multipli
ities andenergies will be produ
ed. In spite of this di�
ult environment, the sear
h for the Higgs bosonand for new physi
s phenomena poses the following requirements:
• large a

eptan
e in pseudo-rapidity with almost full azimuthal angle 
overage;
• good 
harged parti
le resolution and re
onstru
tion e�
ien
y in the inner dete
tor;
• good impa
t parameter resolution for b-jet or τ -lepton identi�
ation (vertex dete
tors
lose to intera
tion region, despite the high radiation doses)
• a very good ele
tromagneti
 (EM) 
alorimeter for ele
tron and photon identi�
ationand measurements, 
omplemented by a full-
overage hadroni
 
alorimeter for a

uratejet and missing transverse energy measurements;
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• pre
ise muon identi�
ation and momentum resolution over a wide range of momenta;
• a �exible and fast trigger system to sele
t physi
ally interesting events, even in thepresen
e of low transverse-momentum obje
ts and large ba
kgrounds from uninterestingevents.The nominal intera
tion point is de�ned as the origin of the 
oordinate system, the beamdire
tion de�nes the z-axis and the x-y plane is transverse to the beam dire
tion. The positive

x dire
tion is de�ned as pointing from the intera
tion point to the 
entre of the LHC ring.The azimuthal angle φ is measured around the beam axis, while the polar angle θ is theangle from the beam axis. Usually the angle θ is more 
onveniently expressed in terms ofthe pseudo-rapidity η = −log (tan (θ/2)), whose di�erential for massless obje
ts (as, up to agood approximation, ele
trons and jets from up, down or strange quarks) is invariant undera longitudinal Lorenz boost.

Figure 3.1: A three-dimensional view of the ATLAS Dete
tor.The overall ATLAS dete
tor layout is shown in Fig. 3.1. The main sub-dete
tors extendradially, starting from the intera
tion point.The dete
tor subsystem 
losest to the intera
tion point is the inner dete
tor, whi
h isimmersed in a 2 T solenoidal �eld. The inner dete
tor has a 
overage up to |η| < 2.5.Outside the inner dete
tor, the ele
tromagneti
 
alorimeter, based on LAr te
hnology, 
oversthe pseudo-rapidity range up to |η| < 3.2. Behind it, the hadroni
 
alorimetry in the range
|η| < 1.7 is provided by a s
intillator-tile 
alorimeter, while in the end-
aps (|η| > 1.5) LArte
hnology is used also for the hadroni
 
alorimeters. The LAr forward 
alorimeters provideboth EM and hadroni
 energy measurements and extend the pseudo-rapidity 
overage upto |η| = 4.9. The muon system surrounds the 
alorimeter and has three layers of highpre
ision tra
king 
hambers, whi
h extend up to |η| < 2.7, slightly beyond the inner dete
tora

eptan
e.A detailed des
ription of the ATLAS dete
tor 
an be found in the te
hni
al design report(TDR) [42℄, whi
h is updated by Ref. [53℄, on whi
h the present 
hapter is largely based.



3.2 The ATLAS dete
tor 353.2.1 Inner Dete
tor

Figure 3.2: Cut-away view of the ATLAS inner dete
tor. Taken from Ref. [53℄.The re
onstru
tion of 
harged tra
ks, in terms of momentum and impa
t parameters, isa
hieved by 
ombining the energy hits deposited in the dis
rete high-resolution semi
ondu
torpixel and sili
on mi
rostrip dete
tors (SCT) and, at higher radii with respe
t to the intera
tionpoint, the information provided by the straw-tube tra
king dete
tors, whi
h are also able todete
t transition radiation and are therefore 
alled Transition Radiation Tra
kers (TRT). Thelayout of the inner dete
tor (ID) is illustrated in Fig. 3.2, while a more detailed plan view ofthe single sub-dete
tor layers is shown in Fig. 3.3.Pixel dete
torThe pre
ision tra
king dete
tors (pixels and SCT) are arranged on 
on
entri
 
ylinders aroundthe beam axis, while in the end-
ap regions they are lo
ated on disks perpendi
ular to thebeam axis. The highest granularity, whi
h is 
ru
ial to a
hieve a robust pattern re
ognition inthe high o

upan
y and pile-up environment ATLAS will be subje
ted to, is a
hieved aroundthe intera
tion region using sili
on pixel dete
tors, whi
h are segmented in R − φ and z andhave a minimum pixel size in R−φ×z of 50×400 µm2, whi
h results in an intrinsi
 a

ura
yin the barrel region of 10 µm (R − φ) and 115 µm (z) and in the end-
ap region of 10 µm(R − φ) and 115 µm (R). In general, a 
harged tra
k will release an energy deposition inthree pixel layers. The �rst of these layers is positioned as 
lose as possible to the intera
tionregion (in the barrel at R = 50.5 mm), in order to a
hieve the best possible impa
t parameterresolution: sin
e this is extremely important for an e�
ient b-jet identi�
ation, the �rst layeris usually 
alled the b-layer.



36 3 The ATLAS Experiment and its environmentSili
on strip dete
torFor the SCT, eight strip layers (
orresponding to four spa
e points) are 
rossed by ea
h tra
k.Both in the barrel and end-
ap regions, this sub-dete
tor uses small-angle (40 mrad) stereostrips to measure both 
oordinates: in the barrel region one of these strips is parallel to thebeam dire
tion, while in the end-
ap region one of them is running radially, in both 
asesmeasuring dire
tly R − φ. The sili
on strip dete
tors have a mean strip pit
h of 80 µm. Theintrinsi
 a

ura
y in the barrel region is 17 µm (R−φ) and 580 µm (R), while in the end-
apregion they are 17 µm (R − φ) and 580 µm (z). The total number of readout 
hannels of thepixel dete
tor is approximately 80.4 million readout 
hannels, while the total readout 
hannelsof the SCT is approximately 6.3 million.
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Figure 3.3: Plan view of a quarter-se
tion of the ATLAS inner dete
tor showing ea
h of the major dete
torelements with its a
tive dimensions and envelopes. Taken from Ref. [53℄.Transition radiation tra
kerIn addition, a 
harged parti
le tra
k leaves on average 36 number of hits in the 4 mm diameterstraw tubes of the TRT, whi
h enables to 
over 
harged parti
le tra
ks up to |η| = 2.0. TheTRT only provides R-φ information, for whi
h it has an intrinsi
 a

ura
y of 130 µm perstraw. In the barrel region, the straws are parallel to the beam axis and are 144 
m long, withtheir wires divided into two halves, approximately at η = 0. In the end-
ap region, the 37 
mlong straws are arranged radially in wheels. While the intrinsi
 resolution of the TRT 
annot
ompete with the resolution of the sili
on te
hnology based dete
tors, the high number ofmeasurements and the long lever arm with respe
t to the measurements in the sili
on layersmakes the TRT signi�
antly 
ontribute to the momentum resolution. In addition, the lowdete
tor granularity is 
ompensated by the larger radial positions of the straw tubes, so that
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Figure 3.4: Material distribution (X0, λ) at the exit of the ID envelope, in
luding the servi
es and thermalen
losures. The distribution is shown as a fun
tion of η and averaged over φ. The breakdown indi
ates the
ontributions of external servi
es and of individual sub-dete
tors, in
luding servi
es in their a
tive volume.a standalone pattern re
ognition is still possible for instantaneous luminosities up to andnot beyond the nominal luminosity of 1034 cm−2s−1: this is very important to 
orre
tlyre
onstru
t tra
ks originating from se
ondary (late) intera
tions, as 
onversions, whi
h leaveno or only few energy hits in the sili
on dete
tors. Transition radiation photons produ
edby ele
trons intera
ting in the xenon-based gas mixture of the straw tubes 
an be dete
tedand 
ontribute to an improved ele
tron identi�
ation performan
e. The total number of TRTreadout 
hannels is approximately 351,000.Impa
t of dete
tor materialThe need of a high granularity tra
king dete
tor, in parti
ular in the vi
inity of the intera
tionregion, with related ele
troni
s, readout servi
es and 
ooling, results in a relatively heavyinner dete
tor (weighting ∼ 4.5 tonnes), with a quite signi�
ant material budget (whi
h 
anbe expressed in terms of radiation lengths X0 or intera
tion lengths λ). This material hasbeen a

urately mapped and introdu
ed in the ATLAS simulation, as shown in Fig. 3.4, sin
ethe impa
t on the physi
s performan
e of the ATLAS dete
tor is expe
ted to be large, withthe following main e�e
ts:
• A signi�
ant fra
tion of low-energy 
harged pions will undergo inelasti
 hadroni
 inter-a
tion inside the inner dete
tor volume.
• Approximately 40% of the photons 
onvert into an ele
tron-positron pair before rea
hingthe LAr 
ryostat and the ele
tromagneti
 
alorimeter
• Many ele
trons lose a good part of their energy through bremsstrahlung before rea
hingthe 
alorimeter.The �rst two e�e
ts will be an important fa
tor limiting the b-jet identi�
ation (b-tagging)performan
e. This relies in fa
t on distinguishing higher impa
t parameter tra
ks (from b-de
ays) from prompt tra
ks. Hadroni
 intera
tions and photon 
onversions 
onstitute a sour
eof 
harged tra
ks with high impa
t parameters and are thus a severe ba
kground for b-tagging.A strategy to redu
e the in�uen
e of these tra
ks needs to be adopted and will be dis
ussedin detail in Chapter 6.3.2.2 CalorimeterThe requirement of hermeti
ity, whi
h is a ne
essary 
ondition to a
hieve a good resolution ofthe measurement of the missing transverse momentum, is one of the key design 
omponents
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Figure 3.5: Cut-away view of the ATLAS 
alorimeter system.of the ATLAS 
alorimeter, whi
h in fa
t has a 
overage up to |η| = 4.9. Di�erent te
hnologiesare used a
ross di�erent regions in pseudo-rapidity, as the di�erent 
alorimeter sub-dete
torsin Fig. 3.5 show. Over the |η| range where the 
alorimeter is surrounding the inner dete
tor,the EM 
alorimeter is �nely segmented for pre
ision measurements of ele
trons and photons,while the rest of the 
alorimeter is segmented more 
oarsely, sin
e it is mainly aimed atre
onstru
ting jets and at measuring the missing transverse momentum.Another important design 
riterion was the need of 
ontaining ele
tromagneti
 and hadroni
showers of parti
les of energies around the TeV s
ale, sin
e energy es
aping the 
alorimeterresults both in a signi�
antly redu
ed energy resolution and in pun
h-throughs into the muonsystem. The total thi
kness of the EM 
alorimeter is > 22 X0 in the barrel and > 24 X0in the end-
aps. The approximately 10 intera
tion lengths (λ) both in the barrel and inthe end-
aps are su�
ient to provide very good resolutions for high-energy jets. The totalthi
kness, in
luding the outer support, is 11 λ at η = 0: this has been shown by simulationand 
on�rmed by test beam data to be su�
ient to redu
e pun
h-throughs into the muonsystem well below the irredu
ible level of prompt or in-�ight de
ays into muons.The pseudo-rapidity 
overage, granularity and segmentation in depth of the 
alorimetersare summarised in Table 3.2.LAr ele
tromagneti
 
alorimeterThe EM 
alorimeter is divided into a barrel (|η| < 1.475) and two end-
aps (1.375 < |η| < 3.2).Ea
h end-
ap 
alorimeter is me
hani
ally divided into two 
oaxial wheels: an outer wheel
overing the region 1.375 < |η| < 2.5, and an inner wheel 
overing the region 2.5 < |η| <
3.2. The EM 
alorimeter is based on a lead-LAr dete
tor with a

ordion-shaped kaptonele
trodes and lead absorber plates over its full 
overage. The liquid argon was 
hosen as
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Barrel End-
apEM 
alorimeterNumber of layers and |η| 
overagePresampler 1 |η| < 1.52 1 1.5 < |η| < 1.8Calorimeter 3 |η| < 1.35 2 1.375 < |η| < 1.52 1.35 < |η| < 1.475 3 1.5 < |η| < 2.52 2.5 < |η| < 3.2Granularity ∆η × ∆φ versus |η|Presampler 0.025 × 0.1 |η| < 1.52 0.025 × 0.1 1.5 < |η| < 1.8Calorimeter 1st layer 0.025/8 × 0.1 |η| < 1.40 0.050 × 0.1 1.375 < |η| < 1.425

0.025 × 0.025 1.40 < |η| < 1.475 0.025 × 0.1 1.425 < |η| < 1.5
0.025/8 × 0.1 1.5 < |η| < 1.8
0.025/6 × 0.1 1.8 < |η| < 2.0
0.025/4 × 0.1 2.0 < |η| < 2.4
0.025 × 0.1 2.4 < |η| < 2.5
0.1 × 0.1 2.5 < |η| < 3.2Calorimeter 2nd layer 0.025 × 0.025 |η| < 1.40 0.050 × 0.025 1.375 < |η| < 1.425

0.075 × 0.025 1.40 < |η| < 1.475 0.025 × 0.025 1.425 < |η| < 2.5
0.1 × 0.1 2.5 < |η| < 3.2Calorimeter 3rd layer 0.050 × 0.025 |η| < 1.35 0.050 × 0.025 1.5 < |η| < 2.5Number of readout 
hannelsPresampler 7808 1536 (both sides)Calorimeter 101760 62208 (both sides)LAr hadroni
 end-
ap

|η| 
overage 1.5 < |η| < 3.2Number of layers 4Granularity ∆η × ∆φ 0.1 × 0.1 1.5 < |η| < 2.5
0.2 × 0.2 2.5 < |η| < 3.2Readout 
hannels 5632 (both sides)LAr forward 
alorimeter

|η| 
overage 3.1 < |η| < 4.9Number of layers 3Granularity ∆x × ∆y (
m) FCal1: 3.0 × 2.6 3.15 < |η| < 4.30FCal1: ∼ four times �ner 3.10 < |η| < 3.15,
4.30 < |η| < 4.83FCal2: 3.3 × 4.2 3.24 < |η| < 4.50FCal2: ∼ four times �ner 3.20 < |η| < 3.24,
4.50 < |η| < 4.81FCal3: 5.4 × 4.7 3.32 < |η| < 4.60FCal3: ∼ four times �ner 3.29 < |η| < 3.32,
4.60 < |η| < 4.75Readout 
hannels 3524 (both sides)S
intillator tile 
alorimeterBarrel Extended barrel

|η| 
overage |η| < 1.0 0.8 < |η| < 1.7Number of layers 3 3Granularity ∆η × ∆φ 0.1 × 0.1 0.1 × 0.1Last layer 0.2 × 0.1 0.2 × 0.1Readout 
hannels 5760 4092 (both sides)Table 3.2: Main parameters of the 
alorimeter system.
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Figure 3.6: Sket
h of a barrel module where the di�erent layers are 
learly visible with the ganging ofele
trodes in φ. The granularity in η and φ of the 
ells of ea
h of the three layers and of the trigger towers isalso shown. Taken from Ref. [53℄.an a
tive medium be
ause of its intrinsi
 radiation hardness and good energy resolution.The advantage of the a

ordion geometry is that it provides 
omplete φ symmetry withoutazimuthal 
ra
ks: a disadvantage of this geometry is the long time whi
h the propagationand intera
tion of parti
les through the a

ordion shaped 
alorimeter takes in the dete
torsimulation (the 
alorimeter simulation is therefore around an order of magnitude slower thanthe inner dete
tor and muon system simulations).Over the region whi
h is intended to be used for pre
ision physi
s |η| < 2.5, the EM
alorimeter is segmented in depth in three se
tions. In addition, a presampler is used tore
over the energy lost in dead material in front of the 
alorimeter. The layout of the barrelis shown in more detail in Fig. 3.6. The readout granularity of the di�erent layers is shownin Table 3.2. The �rst layer of the 
alorimeter, 
alled the η-strip layer, is �nely granulated in
η in order to allow for a better separation between photons (whi
h results in a single energydeposition) and neutral pions, whi
h results into two very 
lose deposits of energy (from the
π0 → γγ de
ay). The resolution a
hievable in the barrel EM 
alorimeter, a

ording to testbeam data, is:

σ(E)

E
=

10%√
E(GeV)

⊕ 0.17% (3.6)where 10% is the sto
hasti
 term and 0.17% is the 
onstant term. The energy response is alsolinear within ±0.1%. Similar results have been obtained for the end-
ap EM 
alorimeter.At the transition between the barrel and the end-
ap 
alorimeters, at the boundary betweenthe two 
ryostats, the amount of material in front of the 
alorimeter rea
hes a lo
alisedmaximum of about 7 X0. For this reason, the region 1.37 < |η| < 1.52 is not used forpre
ision physi
s measurements involving photons and ele
trons.
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Figure 3.7: Cut-away view of the ATLAS muon system.Hadroni
 
alorimetersThe hadroni
 
alorimeters are subdivided in the tile 
alorimeter, whose barrel 
overs theregion |η| < 1.0 and whose extended barrels 
over the region 0.8 < |η| < 1.7, in the LArhadroni
 end-
ap 
alorimeters, whi
h extends from |η| = 1.5 up to |η| = 3.1 and �nally theLAr forward 
alorimeter, whi
h 
overs the pseudo-rapidity range up to |η| = 4.9. The tile
alorimeter uses steel as the absorber and s
intillating tiles as a
tive material. Two sides of thes
intillating tiles are read out by wavelength shifting �bres into two separate photomultipliertubes. The energy response to isolated 
harged pions of the 
ombined LAr and tile 
alorimeterwas tested with test beam data and turns out to be σ(E)
E = 52%√

E
⊕ 3%, very 
lose to designspe
i�
ations. For the end-
ap hadroni
 
alorimeter LAr te
hnology is used, analogouslyto the EM 
alorimeter in the barrel region, but 
opper is used instead of lead as a passivematerial and a �at-late geometry was 
hosen. The energy response to isolated pions 
an be
ondensed in the energy resolution σ(E)

E = 71%√
E

⊕ 1.5%. Finally, the forward 
alorimeter isbased again on LAr a
tive material and uses 
opper as passive absorber material for the �rstlayer and tungsten for the se
ond and third layer. As a result of test beam data the energyresponse to pions is expressed by the relative energy resolution σ(E)
E = 94%√

E
⊕ 7.5%.3.2.3 Muon systemThe dete
tion of muons in ATLAS 
an 
ount on a 
ompletely independent sub-dete
tor, whoselayout is s
hemati
ally shown in Fig. 3.7. Muons are among the most important signatures forinteresting pro
esses at the LHC and have the 
lear advantage that they are the only 
hargedparti
les whi
h are not stopped in the 
alorimeter (apart in the rare 
ase of pun
h-throughs)and 
an be 
leanly dete
ted in the muon system. This 
an be ideally exploited also for theon-line sele
tion of events.A system of three large air-
ore toroids generates the magneti
 �eld for the muon spe
trom-eter. In the end-
ap region, end-
ap toroids are inserted in the barrel toroid at ea
h end andlined up with the 
entral solenoid. Ea
h of the three toroids is made of eight 
oils assembledradially and symmetri
ally around the beam axis. Contrary to what happens in the innerdete
tor, muons are therefore bent outside the inner dete
tor in the R − z plane.
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tor is based on two kind of sub-dete
tors, one for pre
ision measurements,whi
h is needed to determine the muon momenta with high pre
ision, and very fast sub-dete
tors with 
oarser granularity, whi
h are used for the online triggering of muon eventsand are needed to uniquely asso
iate the muons to a 
ertain bun
h 
rossing. The pre
isionmeasurements are performed by the Monitered Drift Tube 
hambers (MDT's), whi
h 
overthe pseudo-rapidity region up to |η| = 2.7 (ex
ept in the innermost end-
ap layer where theyare limited to |η| < 2), and, in the forward region (2 < |η| < 2.7), by Cathode-Strip Chambers(CSC), whi
h are used in the innermost tra
king layer due to their higher rate and better timeresolution. The MDT 
hambers only 
onstrain the muon tra
k in the bending plane (z 
oor-dinate), with a pre
ision of 35 µm, while the CSC's, being multiwire proportional 
hamberswith 
athode planes segmented into strips in orthogonal dire
tion, provide a measurementboth in the R dire
tion of 40 µm pre
ision and in the φ dire
tion of 10 mm. These 
hambersare 
omplemented (both for the measurement of the missing φ 
oordinate in the 
ase of theMDT's and for the online sele
tion of events) in the barrel region (|η| < 1.05) by ResistivePlate Chambers (RPC's) and in the end-
ap (1.05 < |η| < 2.4) by Thin Gap Chambers(TGC). The intrinsi
 time resolution of these dete
tor 
omponents (1.5 ns for RPC's and 4ns for TGC's) is appropriate for triggering and permits to identify the 
orre
t bun
h 
rossingwithin an a

ura
y of 99%.Given the three 
hambers layout of the muon system, the momentum measurement of ahigh pT tra
k will depend on the resolution by whi
h its sagitta (deviation in the R− z planein the middle 
hamber with respe
t to a straight line) 
an be determined. For a high pTtra
k of 1 TeV, this sagitta will be about 500 µm. The muon 
hamber resolution providedin φ by the MDT 
hambers allows to rea
h a pre
ision of better than 10% in the momentummeasurements of muons up to 1 TeV, whi
h 
orresponds to the design goals of ATLAS. Forthe measurement of low pT muons, the measurements in the muon system typi
ally need tobe 
omplemented by the measurements in the inner dete
tor, sin
e in general not all muonstations will be rea
hed due to the stronger bending of low pT parti
les in the magneti
 �eld.3.2.4 Trigger systemThe trigger system has three di�erent levels of event sele
tion: Level-1 (L1), Level-2 (L2) andthe event �lter (EF).The �rst level is implemented 
ompletely in 
ustom hardware modules, to provide a laten
yof around 2 µs. Sin
e a de
ision must be taken every 25 ns, during the transit and pro
essingtime of around 2.5 µs the dete
tor data must be time stamped and held in the bu�ers ofthe frond-end 
ir
uits. The only signatures whi
h 
an be sele
ted in the L1 trigger are high-
pT muons, ele
trons/photons, jets, τ -leptons de
aying into hadrons and missing transverseenergy. No information 
oming from the tra
king devi
es 
an be used at L1, so for examplesele
ting b-jets at this level is not possible. Based on these signatures a de
ision is taken, inorder to redu
e the rate by around a fa
tor of 500 and pass the sele
ted events to the nexttrigger levels.The L2 and EF trigger levels form the High-Level Trigger (HLT) and are both based on
ommer
ially available 
omputer and networking hardware. The main di�eren
e between L2and the EF is that the �rst is seeded by so-
alled Regions-of-Interest (RoI's), whi
h are regionsof the dete
tor whi
h the L1 trigger has identi�ed as interesting, while the se
ond is based onthe full dete
tor granularity. In this way the L2 trigger is mu
h qui
ker and yields a �rst rateredu
tion from around 75 KHz to below 3.5 KHz, with an average event pro
essing time ofapproximately 40 ms, while the EF brings this further down to 200 Hz, with a pro
essing timeper event of around 4 se
onds. The higher granularity, tra
king information and improved
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onstru
tion make a re�ned de
ision with respe
t to Level 1 possible. The �nal rate 
an besustained by the a
tual storage te
hnology. A detailed des
ription 
an be found in Ref. [53℄.



4 Event re
onstru
tionWhen a physi
s event passes the online trigger sele
tion, it is stored on tape and kept forlater pro
essing. The o�ine event re
onstru
tion software, whi
h in ATLAS is implementedin the software framework ATHENA, then pro
esses the event, starting from the raw dataobtained from the various sub-dete
tors (energy deposits and hits), pro
essing it in manydi�erent stages and �nally interpreting it as a set of 
harged tra
ks, ele
trons, photons, jets,muons and, in general, of possible kinds of �nal state obje
ts with related four momenta.In a 
omplex dete
tor and physi
s environment as ATLAS, this task is not trivial and a lotof e�ort has been put into trying to improve the re
onstru
tion algorithms in the variousdi�erent dete
tor and physi
s domains.In the �rst part of this thesis (Chapters 5 and 6) some new re
onstru
tion algorithms willbe presented, whi
h are aimed at improving the ability of ATLAS to re
onstru
t the primaryintera
tion vertex and the identi�
ation of b-quark jets. These algorithms are mainly based onthe re
onstru
tion of 
harged parti
le tra
ks in the inner dete
tor, and, for the spe
i�
 
ase ofthe b-jet identi�
ation, on the re
onstru
tion of jets in the 
alorimeter. A brief introdu
tion tothe re
onstru
tion of 
harged parti
le tra
ks in the inner dete
tor and to the jet re
onstru
tionwill be given in this 
hapter.In addition, the analysis of the pp → WH → ℓνbb̄ Higgs boson sear
h 
hannel (Chapters 7and 8) does strongly rely on the algorithms needed to re
onstru
t its various di�erent �nalstate obje
ts: ele
trons, muons, jets, missing transverse energy and b-jets. While the algorithmadopted in the analysis for the b-jet identi�
ation will be presented later in the 
ourse of thepresent thesis, the re
onstru
tion of the other �nal states relies on the respe
tive re
onstru
tionalgorithms as implemented in the ATLAS re
onstru
tion software and will be therefore brie�yintrodu
ed in this 
hapter.The expe
ted identi�
ation performan
e for the various di�erent physi
s obje
ts presentedhere is based on detailed Monte Carlo full simulation studies of the ATLAS dete
tor response,based on the GEANT4simulation pa
kage. More details about these studies 
an be found inRef. [44℄.4.1 Re
onstru
tion of 
harged parti
le tra
ksThe Inner Dete
tor layout and the 
hara
teristi
s of its main sub-dete
tors with the relatedintrinsi
 resolutions were presented in Se
tion 3.2.1 of Chapter 3. The tra
king algorithm isbased on a modular software framework, whi
h is des
ribed in more detail in Ref. [54℄. Themain steps of the tra
king algorithm are the following:
• a pre-pro
essing stage, in whi
h the raw data from the pixel and SCT dete
tors are
onverted into 
lusters, while the TRT raw timing information is turned into 
alibrateddrift 
ir
les. The SCT 
lusters need to be further transformed into spa
e-points, by
ombining the 
luster information from opposite sides of a SCT module (stereo striplayers).
• a tra
k-�nding stage, in whi
h the pattern re
ognition and a global χ2 minimisationpro
edure is implemented as a default, but other tra
king algorithms 
an also be 
hosen44
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i�
 appli
ations (e.g. to try to re
over energy losses due to bremsstrahlung ofele
tron tra
ks).In the tra
k-�nding stage, tra
k seeds are found in the �rst three pixel layers and in the�rst SCT layer. These are extended throughout the SCT to form tra
k 
andidates and a�rst tra
k �t is performed: during this step ambiguities in the 
luster-to-tra
k asso
iationare resolved, outlying measurements are removed and fake tra
k 
andidates are reje
ted, ifpossible, by applying quality 
uts. Afterwards, the tra
k 
andidates are extended into theTRT (whi
h 
overs up to |η| = 2.) and left-right ambiguities in the asso
iation of the tra
ksto drift 
ir
les are solved. The �nal tra
k 
andidate is re�tted with the full information fromthe three tra
king sub-dete
tors.A 
omplementary strategy does also exist, 
alled ba
k-tra
king, whi
h sear
hes for unusedtra
k segments in the TRT. Tra
ks are formed by trying to extend su
h segments into theSCT and pixel dete
tors. This re
overs tra
ks for whi
h the �rst hits in the pixel layers aremissing (e.g. be
ause they originate from se
ondary intera
tions).A tra
k traje
tory is usually de�ned at its 
losest point to the intera
tion region on thetransverse plane by its impa
t parameters in the transverse plane and in the longitudinal di-re
tion, respe
tively 
alled d0 and z0, and by its momentum, typi
ally expressed in azimuthalangle φ, polar angle θ and inverse momentum 1/p. Usually, the inverse momentum is multi-plied by the tra
k 
harge, to yield a more 
ompa
t representation (q/p). More details aboutthe tra
k parametrisation will be given in Se
tion 5.3.3 of Chapter 5.In the performan
e plots shown in the following, after the tra
ks are re
onstru
ted, somestandard quality 
riteria are applied:
• transverse momentum pT > 1 GeV;
• impa
t parameters: |d0| < 2 mm and |(z0 − zPV ) · sin(θ)| < 10 mm (where the zPV isthe z 
oordinate of the primary vertex position);
• at least seven pre
ision (pixel or SCT) hits.A se
ond tighter set of quality 
uts is also de�ned, whi
h is mainly intended for appli
ationto the impa
t parameter based b-jet identi�
ation algorithm:
• the standard quality 
riteria already mentioned;
• tighter impa
t parameter 
uts: |d0| < 1 mm and |(z0 − zPV ) · sin(θ)| < 1.5 mm;
• at least two hits in the pixel layers, one of them in the b-layer.The e�
ien
y of re
onstru
ting isolated muons and 
harged pions is illustrated in Fig. 4.1.While the muons 
an be re
onstru
ted with very high e�
ien
y, the pion e�
ien
y is mainlylimited by hadroni
 intera
tions (e.g. spallation pro
esses) in the dete
tor material, whi
h ispresent in higher amounts at higher pseudo-rapidities.The resolution of any tra
k parameter X 
an be approximately expressed as a fun
tionof pT as:

σX(pT ) = σX(∞)

(
1 ⊕ pX

pT

)
, (4.1)where σX(∞) is the asymptoti
 resolution expe
ted at in�nite momentum and pX is a 
onstantrepresenting the value of pT at whi
h the multiple s
attering 
ontribution equals that fromthe dete
tor resolution. This expression is approximate, but is expe
ted to work well at low
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Figure 4.1: Tra
k re
onstru
tion e�
ien
ies as a fun
tion of |η| for muons (left) and pions (right) with
pT =1, 5 and 100 GeV. Taken from Ref. [44℄.momenta, where the multiple s
attering dominates the resolution, and at high momenta, wherethe resolution is limited by the bending power of the solenoid �eld and by the intrinsi
 dete
torresolution. The resolution is taken as the RMS evaluated over a range whi
h in
ludes 99.7%of the data (
orresponding to ±3 σ of a Gaussian distribution). The momentum resolutionfor muons and the impa
t parameter resolutions for pions as a fun
tion of pT and η of thetra
k are shown in Fig. 4.2. The results in terms of the parameters σX(∞) and pX for thevarious di�erent tra
k parameters are listed in Table 4.1.Tra
k parameter 0.25 < |η| < 0.50 1.50 < |η| < 1.75

σX(∞) pX (GeV) σX(∞) pX (GeV)Inverse transverse momentum (1/pT ) 0.34 TeV−1 44 0.41 TeV−1 80Azimuthal angle (φ) 70 µrad 39 92 µrad 49Polar angle (cot θ) 0.7 ×10−3 5.0 1.2×10−3 10Transverse impa
t parameter (d0) 10 µm 14 12 µm 20Longitudinal impa
t parameter (z0 × sin θ) 91 µm 2.3 71 µm 3.7Table 4.1: Expe
ted tra
k parameter resolutions (RMS) at in�nite transverse momentum, σX(∞), and trans-verse momentum, pX , at whi
h the multiple-s
attering 
ontribution equals that from the dete
tor resolution.The values are shown for two η-regions, one in the barrel inner dete
tor where the amount of material is 
loseto its minimum and one in the end-
ap where the amount of material is 
lose to its maximum. Taken fromRef. [44℄.The pattern re
ognition and tra
k �tting task is more di�
ult in a dense jet environment,in parti
ular be
ause of the o

urren
e of shared hits between di�erent tra
ks. This de
reasesthe tra
k re
onstru
tion e�
ien
y and in
reases the fake rate for tra
ks re
onstru
ted insidejets, whi
h are both shown in Fig. 4.3 as a fun
tion of the tra
k pseudo-rapidity and in Fig. 4.4as a fun
tion of the distan
e ∆R =
√

∆η2 + ∆φ2 of the tra
k with respe
t to the jet axis,in proximity of whi
h the tra
k density is expe
ted to be the highest.4.2 Ele
tron identi�
ationThe ele
tron identi�
ation algorithm is 
ru
ial to identify ele
trons and reje
t the very largeba
kgrounds typi
ally originating from jets faking ele
trons with reje
tion fa
tors up to 105.The standard algorithm starts with an ele
tron seed in the ele
tromagneti
 (EM) 
alorimeter,provided by a 
luster with transverse energy above 3 GeV and a mat
hing tra
k among all
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Figure 4.2: Relative transverse momentum resolution for muons (top left), transverse (top right) and longi-tudinal (bottom) impa
t parameter resolution for pions as a fun
tion of |η| for muons/pions with pT = 1 GeV(open 
ir
les), 5 GeV (full triangles) and 100 GeV (full squares). Taken from Ref. [44℄.
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onstru
tionthose re
onstru
ted in the inner dete
tor and not used in the re
onstru
tion of any γ → e+e−
onversion verti
es, satisfying the following 
riteria:
• the EM 
luster and the tra
k extrapolated to the 
alorimeter must be within a windowof ∆η × ∆φ = 0.05 × 0.10;
• the ratio E/p of the energy of the 
luster to the momentum of the tra
k is required tobe lower than 10.The measurement of the momentum of the ele
tron tra
k is mainly limited by the severe energylosses by bremsstrahlung in the dete
tor material; spe
ial tra
king algorithms (Gaussian SumFilter [55℄ or Dynami
 Noise Adjustment [56℄) are used to partially re
over these energy losses.The presele
tion 
uts keep 93% of true isolated ele
trons with ET > 20 GeV and |η| <2.5.The standard identi�
ation algorithm for high-pT ele
trons is then based on a 
ombination of
uts, with three referen
e sets of 
uts, loose, medium and tight, providing di�erent ele
trone�
ien
y versus jet reje
tion working points.Loose ele
tron identi�
ationThe loose identi�
ation 
riteria are based on a limited number of dis
riminating variablesfrom the 
alorimeters and deliver high ele
tron identi�
ation e�
ien
y, but low ba
kgroundreje
tion. Cuts are applied on the hadroni
 leakage (ratio of ET of the �rst sampling of thehadroni
 
alorimeter to EM 
luster ET ) and on shower-shape variables based on the EMmiddle layer (lateral shower shape and lateral shower width).Medium ele
tron identi�
ationWith respe
t to the loose identi�
ation, in the medium identi�
ation sele
tion the �ne lon-gitudinal segmentation of the �rst layer of the EM 
alorimeter is exploited, in parti
ular toreje
t photons from neutral pion de
ays in jets, whi
h result into two very 
lose deposits ofenergy in the 
alorimeter, and some quality 
uts on the ele
tron tra
k are applied.In more detail, to reje
t π0 → γγ de
ays, a se
ond maximum in energy is looked for in the
ells of the �rst EM layer in a window of ∆η × ∆φ = 0.125 × 0.2 around the 
ell with thehighest ET . Then 
uts are applied on the following variables:
• the di�eren
e between the �rst and se
ond maximum;
• the di�eren
e in energy between the se
ond maximum and the η strip with the lowestenergy between the two lo
al maxima;
• the se
ond maximum normalised to the 
luster energy;
• the total shower width in the �rst layer;
• the shower width over three strips around the maximum;
• the fra
tion of energy outside these three 
ore strips.In addition to that, further 
uts are applied to the tra
k mat
hed to the EM 
alorimeter 
lus-ter, in parti
ular on the number of hits in the pixel sub-dete
tor, on the number of sili
on hits(pixel + SCT sub-dete
tors) and on the transverse impa
t parameter. The medium sele
tion
riteria in
rease the jet reje
tion by a fa
tor 3 − 4 with respe
t to the loose identi�
ation,redu
ing the ele
tron sele
tion e�
ien
y by around ≈ 10 %.
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tion 49Tight ele
tron identi�
ationIn addition to the medium identi�
ation sele
tion 
riteria, additional 
uts are applied on thenumber of sili
on layer hits (to reje
t ele
trons from 
onversions), on the number of hits inthe TRT, on the fra
tion of high threshold hits in the TRT (whi
h 
orrespond to transitionradiation in the TRT and therefore higher probability of having ele
trons than 
harged pions),on the di�eren
e between η and φ of the EM 
luster and the extrapolated tra
k positionand on the ratio of 
luster energy to tra
k momentum. Two slightly di�erent sets of tightsele
tion 
riteria are available: in the �rst (denominated tight isol), an isolation 
riterion isalso 
onsidered, additionally relying on the energy deposited in the 
alorimeter in a 
one of
∆R = 0.2 around the ele
tron EM 
luster, while in the se
ond this 
ut is substituted bytighter 
uts on the TRT high threshold hit information.Performan
eThe expe
ted performan
e of the three mentioned identi�
ation 
riteria is shown in Table 4.2.The �rst two 
riteria will be used for the Higgs sear
h analysis presented in this thesis: theele
tron identi�
ation e�
ien
y will be 
onsidered in more detail for the spe
i�
 kinemati
range of ele
trons sele
ted in the analysis, but no further investigation will be 
arried out forthe jet reje
tion, whi
h is, however, a fundamental ingredient to redu
e the ba
kground fromQCD multi-jet events to a negligible level. In the analysis also further isolation requirementsare applied to reje
t ba
kground from QCD multi-jet events with leptons from heavy �avourde
ays. Cuts ET > 17 GeVE�
ien
y (%) Jet reje
tion

Z → ee b, c → eLoose 87.9 ± 0.1 50.8 ± 1 567 ± 1Medium 77.3 ± 0.1 30.7 ± 1 2184 ± 13Tight (TRT) 61.7 ± 0.1 22.5 ± 0.4 (8.9 ± 0.3)104Tight (isol.) 64.2 ± 0.1 17.3 ± 0.4 (9.8 ± 0.4)104Table 4.2: Expe
ted e�
ien
ies for isolated and non-isolated ele
trons and 
orresponding jet ba
kgroundreje
tions for the three standard levels of 
uts used for ele
tron identi�
ation. The results are shown forsimulated in
lusive jet samples 
orresponding to ET -thresholds of the ele
tron 
andidates of 17 GeV. Takenfrom Ref. [44℄.
4.3 Jet re
onstru
tionThe jet algorithms try to map �nal state hadrons onto their underlying �nal state partons.The 
alorimeter is ideally suited for the re
onstru
tion of jets, sin
e it provides an e�e
tiveway to re
onstru
t the four momenta of both 
harged and neutral parti
les.4.3.1 Input to jet �ndingDue to the �nite granularity of the 
alorimeter, it is, however, not possible to always 
learlydisentangle the 
ontributions arising from the individual parti
les. Usually the input to the jet
lustering algorithms in ATLAS is provided either by a set of four-momenta representing theenergy deposited in 
alorimeter towers of 0.1× 0.1 in ∆φ×∆η (summing up the 
ontributionof all EM and hadroni
 
alorimeter layers), or, in alternative, by trying to build up more
omplex three-dimensional 
lusters of energy, 
alled topo
lusters. The last approa
h has been
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onstru
tionadopted as the new standard for jet re
onstru
tion and will be therefore brie�y des
ribedhere. The 
lustering starts with seed 
ells with a signal-to-noise ratio Ecell/σnoise,cell above4. All dire
tly neighbouring 
ells of these seed 
ells, in all three dimensions, are 
olle
ted intothe 
luster. Neighbours of neighbours are 
onsidered if the added 
ells have a signal to noiseratio above 2. Finally, a ring of guard 
ells with signal-to-noise ratio above a basi
 thresholdof 0 is added to the 
luster. After the initial 
lustering, the found three-dimensional 
lustersare analysed for the presen
e of multiple lo
al maxima and, in this 
ase, a splitting betweenthese maxima is performed. On di-jet QCD events Monte Carlo simulations show that thenumber of parti
les 
an be resolved in a su�
iently a

urate way in the pseudo-rapidityregion 1.5 < |η| < 2.5, while in the 
omplementary regions the number of real parti
les perre
onstru
ted topo
luster on average is ≈ 1.6.4.3.2 Jet �nding algorithmsThe topo
lusters are then used as input to the jet �nding algorithm. In ATLAS two maintypes of algorithms are implemented, �xed 
one algorithms and sequential re
ombinationalgorithms. A good jet algorithm should be de�ned at any order in perturbation theory, yieldthe same result if applied at dete
tor level, at hadron level and dire
tly at parton level andbe su�
iently insensitive to the details of the hadronisation. The theoreti
al motivations andlimitations of the various jet �nding algorithms are for example reviewed in Ref. [57℄.Fixed 
one jet �nder in ATLASIn ATLAS the standard jet �nding algorithm for a long time was an iterative �xed-
one jet�nder. First, all input four momenta are ordered in de
reasing order in transverse momentum
pT . If the obje
t with the highest pT is above the seed threshold (set to 1 GeV), all obje
tswithin a 
one of ∆R =

√
∆η2 + ∆φ2 < Rcone, where Rcone is the �xed 
one radius, are
ombined with the seed. Then an iterative pro
edure is started: the new dire
tion is usedto draw a new 
one around it and the four momentum is again updated. This is repeateduntil the dire
tion stabilises and the resulting 
one is 
onsidered as a jet 
andidate. The samepro
edure is applied to all seeds. The jets found this way 
an share part of their 
onstituents.Therefore, jets whi
h share 
onstituents 
orresponding to more than a fra
tion fsm = 0.5 ofthe pT of the less energeti
 jet are merged, while they are split in the opposite 
ase. Two 
onesizes are usually used (Rcone = 0.4, 0.7). From a theoreti
al point of view, the splitting andmerging pro
edure makes this algorithm partially infrared safe, but the algorithm remainswell de�ned only up to leading order of perturbation theory.Sequential re
ombination algorithmsThe most 
ommon sequential re
ombination algorithm is the in
lusive kT algorithm. All pairsof input obje
ts are analysed with respe
t to their distan
e measure de�ned as:

dij = min
(
p2

T,i, p
2
T,j

) ∆R2
ij

R2
, ∆Rij =

√
∆φ2

ij + ∆η2
ij , (4.2)where R is a 
one-radius like parameter whi
h determines the size of the jets. In addition, alsothe distan
es of the obje
ts i with respe
t to the beam are 
onsidered, sin
e divergen
es inQCD bran
hing also show up between initial state and �nal state partons and they are de�nedas diB = p2

T,i. The minimum dmin of all dij and diB is determined. If dmin is among oneof the dij , then the 
orresponding obje
ts i and j are merged into a single new obje
t usingfour-momenta re
ombination, while if dmin is one of the diB , the obje
t i is 
onsidered to be
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onstru
tion 51a jet by itself and removed from the list. This pro
edure is repeated iteratively, updating alldistan
es at ea
h iteration step. The four-momenta re
ombination s
heme is usually 
hosento be the simple sum of the two four momenta of the obje
ts i and j. The advantage of the
kT algorithm is that it is by 
onstru
tion 
ollinear and infrared safe, however, it is also moresensitive to pi
king up soft 
ontributions from pile-up and the underlying event.The kT algorithm 
an be generalised by introdu
ing the following parti
le-parti
le andparti
le-beam distan
e measures:

dij = min
(
p2p

T,i, p
2p
T,j

) ∆R2
ij

R2
∆Rij =

√
∆φ2

ij + ∆η2
ij (4.3)

di = p2p
T,i (4.4)where p is a parameter whi
h is 1 for the kT algorithm. Two di�erent algorithms 
an beobtained: the C/A algorithm by 
hoosing a value of p = 0 and the anti-kT algorithm by
hoosing a value of p = −1. The C/A algorithm re
ombines obje
ts 
lose in ∆R iterativelyand re�e
ts the angular ordering of QCD radiation: it is hen
e ideally suited to re
onstru
tand de
ompose the various de
ay 
omponents of heavy obje
ts like Higgs bosons [1℄ or topquarks [58℄ using subjet stru
ture and will therefore be used in the 
ourse of the present thesisto study boosted Higgs boson de
ays into a pair of b-quarks. Contrary to the kT algorithm,the anti-kT algorithm does �rst 
luster hard obje
ts together, whi
h results in more regularjets with respe
t to the kT and C/A algorithms: it is 
onsidered as a good repla
ement forthe ATLAS (
ollinear unsafe) standard �xed-
one algorithm and was therefore re
ently madethe new standard algorithm for jet �nding in ATLAS.4.3.3 Jet 
alibrationOn
e the jets are found, they need to be 
alibrated to 
ompensate for the e/π energy responseratio of the non-
ompensating 
alorimeters, for energy losses in 
ra
ks, due to parti
les es
ap-ing the 
alorimeter and due to out-of-
one 
ontributions. The standard 
alibration routineadopted in ATLAS, whi
h will also be used for the 
lustering of the boosted H → bb̄ 
andi-dates needed in the analysis presented in the present thesis, is based on 
ell signal weighting,applied to the 
alorimeter 
ells forming the three-dimensional 
lusters of energy (topo
lus-ters) 
ontained in the found jets. These weights are often referred to as H1-style weights,sin
e this approa
h was adopted originally in the H1 experiment [59℄. The basi
 idea is thatlow signal densities in the 
alorimeter 
ells indi
ate a hadroni
 signal and thus the need of asignal weight for 
ompensation of the order of the ele
tron/pion signal ratio e/π, while highsignal densities are more likely generated by ele
tromagneti
 showers, whi
h do not requireadditional re-weighting. After the 
ell information 
orresponding to a 
ertain jet has beenextra
ted, the signal in ea
h 
ell i is weighted by a fun
tion depending on the 
ell lo
ation ~Xiand on the 
ell signal density ρi = Ei/Vi, with Ei being the ele
tromagneti
 energy signal ofthe 
ell and Vi being its volume. The weighting fa
tor is ≈ 1 for high density 
ells and rises upto 1.5, the typi
al e/π ratio for the ATLAS 
alorimeters, with de
reasing 
ell signal densities.The 
alibrated jet four-momentum (Ejet,calo, ~pcalo) is then obtained from the weighted 
ellsignals, whi
h are treated as massless four-momenta (Ei, ~pi):

(Ejet,calo, ~pcalo) =

(
Ncells∑

i

w(ρi, ~Xi)Ei,

Ncells∑

i

w(ρi, ~Xi)~pi

) (4.5)The weighting fun
tions are universal and have been determined by using seeded �xed size
one jets (Rcone = 0.7) in fully simulated QCD di-jet events by �ts of the re
onstru
ted jet
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onstru
tionenergies to the 
orresponding Monte Carlo truth parti
le jet energies. In addition, residualnon-linearities (as a fun
tion of pT ) and non-uniformities (as a fun
tion of η) have to be
orre
ted: this �nal jet energy s
ale 
orre
tion depends on the jet �nding algorithm 
onsidered(mainly be
ause of out-of-
one 
orre
tions) and needs to be obtained for every spe
i�
 jet�nding algorithm. Alternative 
alibration pro
edures do also exist but are not 
onsidered inthe 
ourse of the present thesis.4.4 Missing transverse energyThe measurement of missing transverse energy (Emiss
T ) in ATLAS is mainly based on theenergy deposited in the 
alorimeter and on the re
onstru
ted muon tra
ks (whi
h es
ape the
alorimeter). Missing energy at a hadron 
ollider 
an be measured only in the transverseplane, sin
e an unknown fra
tion of the longitudinal momenta of the in
oming protons istaken away from the proton remnants leaving the dete
tor outside its a

eptan
e region afterthe hard s
attering has o

urred. The energy in the 
alorimeter is 
lassi�ed and 
alibrateda

ording to the re
onstru
ted obje
ts (jets, ele
trons, photons,...) to whi
h it belongs. Thethi
kness of the 
ryostat (dead material) between the LAr barrel EM 
alorimeter and thetile barrel hadroni
 
alorimeter requires a spe
i�
 
orre
tion to be implemented. Simulationstudies on typi
al physi
s events show that the missing transverse energy 
an be re
onstru
tedwith a response whi
h is linear within 5%, even for very low missing ET values and that theenergy resolution is well des
ribed by the simple formula σ = a ·

√∑
ET , with a ≈ 0.55 andwhere the sum runs over all intera
ting parti
les produ
ed in the event. At high energies theangular resolution is better than 100 mrad, while a signi�
ant degradation is seen at missingtransverse energies below 40 GeV.4.5 Muon re
onstru
tionTwo main strategies are employed to identify and re
onstru
t muons. Only the baselinealgorithms adopted as standard in the re
onstru
tion will be des
ribed here. The dire
tapproa
h is to re
onstru
t standalone muons by �nding tra
ks in the muon spe
trometer andthen, as a se
ond step, extrapolate them to the beam line. The other approa
h, whi
h yields
ombined muons, is to mat
h standalone muons to inner dete
tor tra
ks and then 
ombinethe two measurements. In addition, some e�
ien
y is re
overed (in parti
ular for low pTmuons up to few GeV, whi
h do not rea
h the outer muon stations) by extrapolating alltra
ks re
onstru
ted in the inner dete
tor and looking for unused hits in the muon systemalong their extrapolated path: these are 
alled tagged muons.The re
onstru
tion of standalone muons starts from building tra
k segments in ea
h of thethree muon stations (des
ribed in Se
tion 3.2.3 of Chapter 3). Then these segments are linkedtogether and the tra
k is extrapolated to the beam line. This extrapolation must 
onsiderthe enlargement of the tra
k parameter errors due to taking into a

ount multiple s
atteringin the dete
tor material. Standalone muons 
an be re
onstru
ted up to |η| = 2.7, extendingthe inner dete
tor 
overage of up to |η| = 2.5, but have some a

eptan
e holes in proximityof η = 0 and |η| = 1.2.Combined muons are formed by trying to 
ombine standalone muons to inner dete
tortra
ks: the 
ombination relies on a χ2

match whi
h 
ondenses the probability that the tra
kparameters of the inner dete
tor and muon system standalone tra
ks, de�ned at the point of
losest approa
h to the beam line, are 
ompatible with ea
h other within their experimentalerrors. A simple statisti
al 
ombination (by re-weighting the tra
k parameters by their re-
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onstru
tion 53spe
tive weight matrix) of the two tra
ks is then performed1. Combined muons signi�
antlyredu
e the rate of fake muons, originating mainly from muons produ
ed by π and K de
aysin the 
alorimeter.

1The ideal 
ombination would rather rely on mat
hing the two tra
ks at a 
ommon point in between theinner dete
tor and muon system and then perform a real 
omplete re�t of the tra
ks in both inner dete
torand muon system.



5 Re
onstru
tion of the primaryintera
tion vertex5.1 Introdu
tionWhen the LHC will be in operation, bun
hes of protons orbiting in opposite dire
tions in theLHC a

elerator will be for
ed to 
ollide in proximity of the 
entre of the ATLAS dete
tor. Thepre
ise size of the intera
tion region (usually 
alled beam spot) or more pre
isely the spatialdistribution of the intera
ting proton proton pairs will depend on the mode of operation of theLHC ma
hine, as des
ribed at the beginning of Chapter 3. In the simulation this distributionis assumed to be approximately Gaussian both in the transverse plane and in the longitudinaldire
tion, with parameters assumed to be σx,y ≈ 15 µm and σz ≈ 55 mm, respe
tively,regardless of the instantaneous luminosity.The position of the hard s
attering event of interest, whi
h is typi
ally sele
ted by theonline trigger system a

ording to a distin
tive high pT signature left in one of the ATLASsub-dete
tors, is therefore tightly 
onstrained in the transverse plane, while it is essentially leftun
onstrained in the longitudinal dire
tion. This 
an be 
onsidered as an a priori knowledgeof the primary intera
tion vertex position, before any re
onstru
tion algorithm is applied: inorder to be able to make use of su
h information, the stability of the intera
tion region mustbe 
arefully monitored during a single period (run) of data taking.Most of the �nal state 
harged parti
les produ
ed in the high pT physi
s event of interestare re
onstru
ted in the inner dete
tor as primary tra
ks. These tra
ks have a 
ommoninterse
tion in a single origin, whi
h is the primary intera
tion vertex where all primaryparti
les, in
luding neutral ones, originated. The determination of the primary intera
tionvertex depends 
ru
ially on the impa
t parameter resolution of the primary tra
ks, for whi
hthe �rst layers of the pixel dete
tor are absolutely 
ru
ial, as des
ribed in Se
tion 3.2.1. Theimpa
t parameter resolution as a fun
tion of tra
k transverse momentum and pseudo-rapiditywere illustrated in Se
tion 4.1.Taking a pp → tt̄ event as a referen
e for a typi
al high pT event of interest, with anaverage number of 43 re
onstru
ted primary tra
ks at an average pT of ≈ 3 GeV (as shownin Fig. 5.6 and Fig. 5.7), the primary event vertex 
an be re
onstru
ted with a resolutionof around 10 µm in the transverse plane and ≈ 30 µm in the longitudinal dire
tion, aswill be demonstrated in the 
ourse of this 
hapter. The a

ura
y the primary vertex 
an bedetermined with, depends mainly on the amount of outgoing 
harged parti
les and on theirtransverse momenta. The determination of the primary event vertex is more 
hallenging inHiggs → γγ events, where the only primary 
harged parti
le tra
ks in the event are produ
edas a 
onsequen
e either of initial state radiation or of the underlying event: in this 
ase theresolution of the re
onstru
ted primary vertex drops to ≈ 20 µm in the transverse planeand to ≈ 50 µm in the longitudinal dire
tion, without in
luding any information from theknowledge of the beam spot position and size.The transverse resolution of the primary vertex is 
omparable to the transverse size of thebeam spot: this means that, if the beam spot position and size is a

urately determinedaveraging the primary vertex positions over a large number of events, the improvement whi
h54



5.2 Primary verti
es in pile-up environment 55the expli
it re
onstru
tion of the primary event vertex on an event basis 
an provide on itstransverse position is small, while the re
onstru
tion of the primary vertex position along thelongitudinal dire
tion is essential, sin
e it permits to improve its longitudinal resolution fromthe nominal 55 mm of the longitudinal beam spot1 width to ≈ 30-50 µm.It is worth highlighting that, although the transverse resolution of the 
harged parti
letra
ks in the inner dete
tor has a marginal impa
t on the determination of the primary vertexposition, it is however extremely important to distinguish whether or not a spe
i�
 tra
kwas produ
ed dire
tly in the primary intera
tion vertex (primary tra
k) or in a se
ondarydispla
ed de
ay vertex of a short-lived parti
le (cτ ≃ 100 µm-1 mm) produ
ed in the primaryintera
tion (se
ondary tra
k): this will be the most essential ingredient for the b-taggingalgorithms whi
h will be dis
ussed in Chapter 6.The distin
tion of primary and se
ondary tra
ks is of utmost importan
e not only for
b-tagging, but also for τ -tagging, photon and ele
tron identi�
ation, re
onstru
tion of 
onver-sions and many other appli
ations. Several vertex re
onstru
tion tools originally developedfor primary vertex �nding and b-tagging in the 
ourse of this thesis were also adopted inATLAS for example for τ -tagging and photon/lepton identi�
ation, or even dire
tly in Higgsboson sear
hes as in the H → ZZ → 4ℓ sear
h 
hannel: some examples for su
h 
ases will bebrie�y mentioned in the results se
tion (Se
tion 5.5).5.2 Primary verti
es in pile-up environmentThe longitudinal size of the intera
tion region of several tenths of 
entimetres is of 
ru
ialimportan
e to 
reate the 
onditions to distinguish the high pT event of interest from additionalphysi
s events produ
ed by the intera
tion of additional proton-proton pairs during a singlebun
h 
rossing, whi
h are usually de�ned as pile-up (or minimum bias) events.These events will be produ
ed randomly spread a
ross the intera
tion region. Given thatthe longitudinal size of the beam-spot is mu
h larger than the longitudinal primary vertexresolution of typi
al minimum bias events (≈ 55 mm ≫≈ 80 µm), several primary verti
es
an be separated along the z axis and re
onstru
ted on an event by event basis; one of themwill 
orrespond to the high pT event of interest.As already mentioned in Se
tion 3.1, assuming the 
ross se
tion for minimum bias events tobe 70 mb and an instantaneous luminosity of 2×1033 cm−2s−1 with a bun
h 
rossing spa
ingof 25 ns, as planned for the �rst low luminosity running s
enario, around 4.6 additionalintera
tions are expe
ted to be overlaid to the high pT event of interest on average.While in-time pile-up events, as just mentioned, have an important e�e
t on tra
king andthus on vertexing, out-of-time pile-up events, as de�ned in Se
tion 1.4.8, have a smaller e�e
t,thanks to the fast response in time of both the pixel and SCT sub-dete
tors, whi
h is su
hthat hits 
orresponding to energy deposits outside a time window 
ompatible with the bun
h
rossing of interest are rarely asso
iated to tra
ks of the event of interest.The spatial separation between the primary vertex 
orresponding to the high pT event ofinterest and additional verti
es from pile-up events is a ne
essary but not su�
ient 
onditionto really isolate the signal primary vertex from the remaining ones. If one would be only in-terested in a spe
i�
 analysis and apply the analysis spe
i�
 sele
tion on all primary verti
esre
onstru
ted in the event2, the probability for a pile-up event to ful�l the same requirementswould be extremely low and one would be essentially able to always sele
t the 
orre
t ver-tex. However, the ATLAS re
onstru
tion software needs to remain very generi
, so that the1The beam spot is de�ned in this thesis as the three-dimensional spa
e-distribution of the intera
tion region.2Here it is assumed that the �nal state obje
ts of the signal pro
ess in the physi
s analysis of interest 
an beuniquely related to a spe
i�
 primary vertex: some ex
eption exist, as in the 
ase of the H → γγ pro
ess.
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tion vertexidenti�
ation of the primary vertex where the high pT event of interest originated needs to bebased on generi
 event properties as for example the transverse momenta of the 
harged par-ti
le tra
ks asso
iated to the verti
es or their tra
k multipli
ity. Based only on these 
riteriaand in parti
ular for 
ertain spe
i�
 physi
s pro
esses (as in the 
ase of H → γγ), it is notstraightforward, after all primary verti
es 
orresponding to a single re
orded bun
h 
rossingare re
onstru
ted, to identify the vertex 
ontaining the physi
s event of interest.The primary vertex re
onstru
tion algorithm, in the presen
e of additional intera
tionsfrom pile-up, needs to be designed and optimised in su
h a way to 
orre
tly and e�
ientlyseparate spatially the single intera
tion verti
es originating from the high pT event of interestand from pile-up events. In a se
ond step, based on the properties of the physi
s events
orresponding to the re
onstru
ted intera
tion verti
es, sele
tion 
riteria need to be de�nedin order to sele
t the high pT event of interest. These two tasks 
onstitute an important partof the vertex �nding algorithms.The algorithms whi
h are responsible for the re
onstru
tion of the primary intera
tionvertex 
an be usually distinguished in two di�erent stages:
• Vertex �nding
• Vertex �ttingThe vertex �nding algorithms usually deal with the task of 
orre
tly 
lustering tra
ks intomultiple verti
es, doing the tra
ks to verti
es asso
iation properly. The main problem of the�nding algorithms, as already mentioned in this introdu
tion, is, on one side, the optimaldistin
tion of primary from se
ondary tra
ks and, on the other side, the optimal separation oftra
ks originating from di�erent but 
losely positioned verti
es from the signal or additionalpile-up events. The vertex �tting algorithms, instead, deal with the problem of getting thebest estimate of the vertex position, on
e a 
ertain set of tra
ks is de�ned.Some new adaptive methods for vertex �tting, however, deal intrinsi
ally also with a partof the vertex �nding problem, 
reating a very 
lose interplay between the �nding and �ttingtasks. In order to systemati
ally des
ribe the relevant algorithms for the present thesis work,�rst the vertex �tting algorithms will be presented (Se
tion 5.3), and then a des
riptionwill follow about how their use 
an be adapted to solve the primary vertex �nding problem(Se
tion 5.4).5.3 Mathemati
al determination of the vertex positionThe determination of the vertex position, usually de�ned as vertex �t, is a well de�ned task:it 
onsists in taking N input tra
ks and in determining their interse
tion, whi
h results inthe estimation of the vertex position and its related error. The vertex �t itself does notusually 
are whether the hypothesis that the N input tra
ks interse
t a single point of thethree-dimensional spa
e is 
orre
t or not.The input, given by the 
harged parti
le tra
ks as re
onstru
ted by the ATLAS tra
kingalgorithm in the inner dete
tor, is provided in the so 
alled perigee representation, whi
hde�nes the tra
k helix (expe
ted due to the bending of a 
harged parti
le in the ATLASmagneti
 �eld) at the position of 
losest approa
h in the transverse plane of the helix to areferen
e point, whi
h is usually 
hosen to be the origin of the ATLAS dete
tor (0, 0, 0), asshown in Fig. 5.1. In this representation the traje
tory is fully spe
i�ed by �ve parameters

~q: the transverse and longitudinal impa
t parameters with respe
t to the referen
e point (d0and z0) and the tra
k momentum (in terms of azimuthal angle φ, polar angle θ and 
harge
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al determination of the vertex position 57times the inverse momentum q/p). The helix parametrisation will be des
ribed in more detailin Se
tion 5.3.3.

Figure 5.1: Illustration of helix parameters of a 
harged tra
k de�ned in the perigee representation in theATLAS 
onvention, from Ref. [60℄.Given a set of parameters ~q, ea
h tra
k 
an be represented as a probability density distri-bution in the three-dimensional spa
e, of the form:
P (~r) =

∫
dφpexp

[
−1

2
(~r − ~r(φp))

T COV−1
3×3(φp)(~r − ~r(φp))

]
, (5.1)where the additional parameter φp is de�ned in su
h a way to represent a spe
i�
 positionon the traje
tory itself in an arbitrary 
oordinate system and must be integrated over. The
ovarian
e matrix COV(φp) represents the proje
tion of the 
ovarian
e matrix in the spa
e ofthe perigee parameters ~q on the three-dimensional spa
e, given a spe
i�
 position φp alongthe traje
tory3. Geometri
ally this 
an be visualised as a Gaussian probability tube along thetra
k.In general the distribution of the probability for the measurements provided by N tra
ksto be 
ompatible with the hypothesis that all tra
ks interse
t in a 
ommon spa
e position ~rwill be:

P (~r) =

∫
dφp,1dφp,2...dφp,N

Ntrk∏

i=1

exp

[
−1

2
(~r − ~ri(φp,i))

T COV−1
3×3,i(φp,i)(~r − ~ri(φp,i))

]
, (5.2)3The 
ovarian
e matrix COV3×3 is ill-de�ned, be
ause the error is in�nite along the tra
k itself, but its inverse,the weight matrix, COV−1

3×3, is well de�ned.
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onstru
tion of the primary intera
tion vertexwhere this expression still 
ontains an integral over all tra
ks traje
tories, whi
h makes itsevaluation very expensive. However, this expression 
an be signi�
antly simpli�ed by twosimple 
onsiderations:
• The N tra
k PDF is a produ
t of the single tra
k Gaussian probability tubes alongthe tra
ks. With two or more non-degenerate tra
ks, the intervals of parameters φp ofinterest along the involved tra
ks (for whi
h the produ
t of probabilities is non zero)gets redu
ed to a very small range, where the position along the tra
ks is su�
iently
lose to the interse
tion of all tra
ks.
• The 
onstraint provided by ea
h tra
k in the form of its 
ovarian
e matrix on the vertexposition ~r is always ne
essarily perpendi
ular to the tra
k itself, whi
h 
an be expressedmathemati
ally by the 
ondition ∇φp

~r(φp) · COV−1
3×3(φp) = 0.As a 
onsequen
e, if the variables φp are 
hosen to be around the value whi
h maximises

P (~r), i.e. 
lose to where the interse
tion of all tra
ks is expe
ted, the dependen
e on φp of theintegrand of Eq. 5.2 is only very weak sin
e it depends only on variations of the 
ovarian
ematrix COVi as a fun
tion of φp,i. So, if the values of ~φp are 
hosen to 
orrespond to pointsalong the tra
k not too far from the expe
ted vertex, the integrand is nearly independent ofthem and, after integrating out these additional degrees of freedom, the vertex PDF 
an besimpli�ed to:
P (~r) =

Ntrk∏

i=1

exp

[
−1

2
(~r − ~ri(φ̂p,i))

T COV
−1
3×3,i(φ̂p,i)(~r − ~ri(φ̂p,i))

]
. (5.3)The maximization of P (~r) then 
orresponds now to the use of the following χ2 based estimator:

χ2(~r) =

Ntrk∑

i=1

(~r − ~ri(φ̂p,i))
T COV−1

3×3,i(φ̂p,i)(~r − ~ri(φ̂p,i)) (5.4)The easiest way to estimate the vertex position ~r and its related error is to minimise this χ2fun
tion numeri
ally. The auxiliary parameters ~φp 
an be dealt with by repeating the �t againin 
ase some of the initial parameters ~φp 
orrespond to positions along the tra
ks traje
torieswhi
h are signi�
antly displa
ed with respe
t to the �nal estimated vertex position ~r.This method is usually referred as global χ2 minimisation. It 
an be signi�
antly sped upby linearising the residuals in the χ2 fun
tion and implementing all its derivatives analyti
ally,but in general the speed of this approa
h is limited by the inversion of square matri
es whosesize is proportional to the number of tra
ks in the vertex �t.5.3.1 Billoir methodMethods signi�
antly faster than the global χ2 based �t are available, relying on the Billoirmethod [61℄ or on a Kalman Filter [62℄. They will be brie�y des
ribed here.Sin
e the 
ovarian
e matri
es of the measured tra
ks are usually expressed in the referen
eframe of the helix parameters, it is 
onvenient to rewrite Eq. 5.4 
hanging the referen
e framefrom the three-dimensional spa
e to the spa
e of the helix parameters in the perigee de�nition:
χ2(~r) =

Ntrk∑

i=1

(~qpred,i(~r) − ~qmeas,i)
TCOV−1

5×5,i(~qpred,i(~r) − ~qmeas,i) (5.5)
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al determination of the vertex position 59where now ~qmeas,i and COV5×5,i are the tra
k parameters in the perigee representation andthe related 
ovarian
e matrix of tra
k number i, while ~qpred,i represents the parameters thetra
k would have if it would pass exa
tly through the vertex position ~r.While Eq. 5.4 involves a proje
tion of the 5-dimensional helix parameter spa
e to a three-dimensional spa
e, Eq. 5.5 involves in the fun
tion ~qpred,i a proje
tion of the three-dimensionalspa
e position ~r to the 5-dimensional helix parameter spa
e: sin
e in the se
ond 
ase su
h aproje
tion is 
learly not possible, the solution typi
ally adopted for vertexing appli
ations is toadd N additional unknowns to the �t, namely the momenta of the tra
ks at the vertex position
~r: ~p1,...,Ntrk

. The reason is: given a vertex position and the tra
k momentum at this position,the 
orresponding tra
k parameters ~q are uniquely de�ned. The momenta ~p1,...,Ntrk

an bethen extra
ted in the �t itself, simultaneously with the vertex position, and will representthe best estimate of the tra
k momenta at the vertex position under the hypothesis that thetra
ks pass through the vertex. This 
an be a
hieved by minimising the following modi�ed

χ2 fun
tion:
χ2(~r) =

Ntrk∑

i=1

(~qpred,i(~r, ~pi) − ~qmeas,i)
TCOV−1

5×5,i(~qpred,i(~r, ~pi) − ~qmeas,i), (5.6)The fun
tions ~qpred,i(~r, ~pi) need to be linearised around a �rst estimate of the vertex position
~r0 and tra
k momenta ~pi:

~q = ~q0 + A [~r − ~r0] + B [~p − ~p0] = (5.7)
= ~q(~r, ~p) = ~q(~r, ~p)~r=~r0,~p=~p0

+
δ~q(~r, ~p)

δ~r

∣∣∣∣
~r=~r0︸ ︷︷ ︸

A

(~r − ~r0) +
δ~q(~r, ~p)

δ~p

∣∣∣∣
~p=~p0︸ ︷︷ ︸

B

(~p − ~p0)

= ~c0 + A~r + B~pwhere A and B are the Ja
obians of the transformation from the spa
e ~q to (~r, ~p), eval-uated in (~r0, ~p0). While in Ref. [61℄, these quantities are 
omputed in form of a �rst orderapproximation around the inverse of the tra
k 
urvature (whi
h is typi
ally expe
ted to bea small quantity), in the next subse
tion of this thesis an exa
t 
omputation at all orders ofthese quantities will be presented.Eq. 5.7 is also 
alled the measurement equation, sin
e it represents the relation between theinput variables (tra
k parameters) and the �t output variables (position and tra
k momentaat vertex position). Putting the linearised equation ba
k into Eq. 5.6, the χ2 fun
tion getsthe form:
χ2(~r) =

Ntrk∑

i=1

(~c0,i + Ai~r + Bi~pi − ~qmeas,i)
TCOV−1

5×5,i(~c0,i + Ai~r + Bi~pi − ~qmeas,i). (5.8)As 
omputed in Ref. [61℄, minimising the χ2 by imposing the �rst derivatives with respe
tto ~r and all ~pi to be zero, the following solution for ~r is obtained:
COV (~r) =

[
∑

i

AT
i C̃−1

i Ai

]−1 (5.9)
~r = COV (~r)

[
∑

i

AT
i C̃−1

i (~qmeas,i − ~c0,i)

] (5.10)
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C̃−1

i = C−1
i − C−1

i Bi

[
BT

i C−1
i Bi

]−1
BT

i C−1
i , (5.11)where for simpli
ity we have de�ned COV5×5 [~qmeas,i] = Ci.More in general, both the vertex position ~r and the tra
k momenta at the vertex position

(~p1, ~p2, ..., ~pNtrk
) 
an be obtained, together with their related full 3+3·Ntrk 
ovarian
e matrix.The biggest advantage of the Billoir method is that it requires the �nal inversion of a ma-trix of size equal to the ve
tor of variables to be determined in the �t, whi
h, for a singlevertex �t, is three. This implies a numeri
al 
omplexity whi
h s
ales merely with the numberof tra
ks Ntrk, rather than with N3

trk, as in the 
ase of more 
onventional global χ2 min-imisation approa
hes. The solution of the vertex �t was formulated here in su
h a way tomake the 
omparison with the Kalman �ltering method easier: in the next se
tion it will bedemonstrated that the Billoir method is formally equivalent to a Kalman �lter in the weightedmean formalism.5.3.2 Kalman �lterThe �rst appli
ation of a Kalman �lter to tra
k and vertex �tting tasks was presented inRef. [62℄. Sin
e then a wide use of Kalman �lters was made in the high energy physi
s
ommunity. Here only the basi
 prin
iples will be re
alled to introdu
e some of the topi
sdeveloped in this thesis.A Kalman �lter is usually applied to linear dynami
 systems, whi
h at every step k aredes
ribed by a state ve
tor ~r. The evolution of the state ve
tor from step k − 1 to step k isdes
ribed by a linear transformation:
~rk = Fk−1 · ~rk−1 + ~wk−1, (5.12)where Fk−1 is the propagation matrix and wk−1 is a random noise 
ontribution to the systemduring the propagation step. At every step a new measurement 
onstrains the system, wherethe measurements ~mk needs to be des
ribed as a linear fun
tion of the state ve
tor ~xk withasso
iated Gaussian noise ~ǫk:

~mk = Hk~xk + ~ǫk (5.13)Given su
h a linear dynami
 system, the Kalman �lter provides:
• Filtering: the optimal re
ursive estimator of the present state ve
tor ~x given all previousmeasurements.
• Predi
tion: the optimal estimation of the state ve
tor at a future time, given all pastmeasurements.
• Smoothing: an improved estimation of the state ve
tor at some time in the past, givenall measurements up to the present time.Due to these properties, Kalman �lters were �rst applied for tra
ing air 
rafts in radarappli
ations, but they are indeed very interesting also for being applied in high energy physi
s,in parti
ular for tra
k and vertex �tting appli
ations. In the 
ase of tra
k �tting, the varioussteps k need to be interpreted as the various hits to be added to a tra
k along the tra
kpath, the state ve
tor represents the tra
k helix as parametrised on the measurement surfa
e
orresponding to the tra
k hit to be added, the measurement equation (Eq. 5.13) representsthe relation between the measured hit and the tra
k helix on the 
orresponding measurementsurfa
e: at ea
h step k, the tra
k helix is propagated to a new measurement surfa
e, through
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al determination of the vertex position 61the propagation matrix Fk and adding both the noise eventually 
orresponding to multiples
attering and eventual energy losses due to radiation, and the new measurement is addedin linearised form, a

ording to the linearisation matrix Hk. After all hits of a tra
k havebeen 
onsidered, at the last measurement surfa
e the best estimation of the tra
k traje
toryis obtained. In order to propagate this knowledge ba
k to the �rst measurement surfa
e, thete
hnique of smoothing is used. While the progressive �tting method for tra
king was alreadyknown at the time of Ref. [63℄, it is the introdu
tion of the Kalman �ltering te
hniques in thetra
king domain that allowed smoothing to be applied.In the 
ase of vertexing the appli
ation of a Kalman �lter is even more straightforward.The single step k is interpreted as the addition of a tra
k to the vertex. The state ve
tor isgiven by the vertex position and tra
k momentum 
orresponding to the tra
k added at step
k:

~xk = (~r, ~pk) (5.14)So, after a tra
k is iteratively in
luded in the �t, the Kalman �lter provides the estimation ofthe vertex position and related 
ovarian
e matrix 
orresponding to the minimisation of thevertex χ2 of Eq. 5.8 in
luding all tra
ks 
onsidered up to that point. After all tra
ks areadded to the �t, the problem of estimating the vertex position is solved. The same does nothold for the tra
k momenta evaluated at the estimated vertex position, whi
h should providean improved estimate of the tra
k momenta given by 
onstraining the tra
ks to pass throughthe vertex: sin
e these momenta are updated only at a 
ertain step k, they do not take intoa

ount all 
hanges in the vertex position taking pla
e at all steps after k. In order to geta 
omplete estimate of them, the �nal result needs to be propagated ba
k to earlier Kalmanupdate steps, whi
h is what is usually done by the smoothing step. The smoothing pro
edureis also needed to get a 
orre
t estimation of the χ2 
ontribution given by a single tra
k k,whi
h needs again to rely on the �nal estimate of the vertex position.As an alternative, the state ve
tor 
ould in prin
iple in
lude the vertex position plus themomenta at the vertex position of all tra
ks in
luded in the �t: in this way the de�nitionof the state ve
tor would remain the same for all steps k. However, this would make the�t unne
essary 
omplex, in
reasing the dimensionality of the matri
es to invert from 3 + 3to 3 + Ntrk × 3 (4); at every single step k, there is no dire
t relation in the measurementequation between the tra
k parameters ~qk of tra
k k with the momenta pk at the vertex of allother tra
ks in the �t and all the 
orrelations between the momenta at the vertex of di�erenttra
ks 
ome from variations of the position of the vertex itself. So there is no approximationin restri
ting the state ve
tor at step k only to the vertex position and the momentum ofthe tra
k at the vertex being added to the �t. This prin
iple will be also exploited by theJetFitter algorithm des
ribed later in this thesis.In the 
ase of a vertex �t the evolution equation be
omes trivial:
~xk = ~xk−1, (5.15)sin
e no propagation and no noise addition needs to be performed, while the measurementequation gives the linear relation between the tra
k measurement in terms of helix parametersand the vertex position and tra
k momentum de�ned at the vertex:

~mk = Hk~xk = ~c0 + A~r + B~pk, (5.16)and was already presented in Eq. 5.7.4This is only the 
ase if the weighted mean formalism is adopted, whi
h will des
ribed later.
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tion vertexSin
e the Kalman �lter is an iterative pro
edure, the 
omponents of the state ve
tor (thevertex position and tra
k momenta at vertex) need to be initialised: when the initial estimateis very poor, it is su�
ient to in�ate the error matrix in order to make the in�uen
e of thestarting state ve
tor negligible in the �t:
~x0 = (~r0, ~pk,0) (5.17)
C0 = COV (~x0) =

(
1

δ1
I3,

1

δ2
I3

) (5.18)where δ1 and δ2 are small numbers, while I3 is the unit matrix of size 3.At ea
h step k, the tra
ks are iteratively added to the �t through a Kalman update step.There are two alternative approa
hes, the weighted mean formalism and the gain formalism.In the �rst one, the new state ve
tor is obtained by 
ombining the knowledge of the stateve
tor ~xk−1 at step k − 1 with the new 
ontribution 
oming from the new measurement atstep k, re-weighted by the weight matrix C−1
k−1 of step k − 1 and by the weight matrix of thenew measurement V −1

k , respe
tively:
C−1

k = C−1
k−1 + HT

k V −1
k ~mk (5.19)

~xk = Ck

[
C−1

k−1xk−1 + HT
k V −1

k Hk

] (5.20)This result is quite intuitive and 
an be easily derived by just multiplying a multi-Gaussiandistribution of probability in the state ve
tor with a multi-Gaussian distribution of probabilityof the 
onstraint on the state ve
tor given by the additional measurement at the step k, andsolving for the new state ve
tor provided by maximising their 
ombined probability.In the gain formalism the new state ve
tor is obtained in an alternative way and thedi�eren
e between the previous and new state ve
tor is obtained applying the gain matrix ontop of the measurement residual:
~xk = ~xk−1 + Kk [~mk − Hk~xk−1] , (5.21)where the gain matrix Kk is de�ned is:

Kk = Ck−1H
T
k

[
Vk + HkCk−1H

T
k

]−1 (5.22)and the 
ovarian
e matrix Ck is obtained by:
Ck = (1 − KkHk)Ck−1 (5.23)There are two main di�eren
es between the two mentioned approa
hes:

• The weighted mean formalism requires at ea
h step k the inversion of a matrix of sizeequal to the dimensionality of the state ve
tor, while the gain formalism requires theinversion of a matrix of size equal to the dimensionality of the measurement to be addedto the �t.
• The weighted mean formalism is expressed in terms of the weight matri
es both of thestate ve
tor at step k − 1 and of the weight matrix of the measurement to be addedat step k, so that it 
an a

ommodate an initial state ve
tor with in�nite error. Onthe 
ontrary, in the gain formalism the gain matrix is expressed in terms of 
ovarian
ematri
es, so that it 
an a

ommodate a measurement with zero asso
iated error, whi
h
orresponds to adding an exa
t 
onstraint to the �t (for a more formal derivation seeRef. [64℄).
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al determination of the vertex position 63In general the weighted mean formalism is faster if the state ve
tor is smaller than themeasurement ve
tor at a 
ertain step k, while the gain formalism is faster in the other 
ase.In the 
ase of the single vertex �t, the weighted mean formalism is usually used, be
ause itallows to 
ompute the Kalman update step of the state ve
tor in the limit of assigning anin�nite error to the initial tra
k momentum ~pk at the vertex at step k. However, in the
ourse of the present thesis, also the gain formalism will be very useful, when applying exa
t
onstraints on the dedi
ated Kalman �lter implemented in the JetFitter algorithm.In the following the formulae to apply the Kalman �lter in the weighted mean formalismto a single vertex �t will be brie�y re-derived. This 
onsists of applying the Kalman updatestep of Eq. 5.20, substituting the measurement matrix Hk with the expression of Eq. 5.16 andseparating the state ve
tor and its 
ovarian
e matrix into two 
omponents. Before performingthe Kalman update at a generi
 step k the state ve
tor and related 
ovarian
e matri
es arede�ned as:
~xk−1 = (~rk−1, ~pk−1) (5.24)

Ck−1 =

(
COV(~r)k−1,

I3

δ

)
, (5.25)where I3 is a unit matrix of size 3 and δ is an arbitrarily small number. The update step 
anbe performed as:

Ck =




COV(~r)−1

k−1 + ATCOV(~q)−1
k A ATCOV(~q)−1

k B

BTCOV(~q)−1
k A δ · I3 + BTCOV(~q)−1

k B




−1 (5.26)




~rk

~pk



 = Ck




COV(~r)−1

k−1~rk−1 + ATCOV(~q)−1
k (~qmeas − ~c0)

δ · ~pk−1 + BTCOV(~q)−1
k (~qmeas − ~c0)



 (5.27)After some matrix algebra manipulation and 
onsidering the limit δ → 0, the result for thevertex position and related 
ovarian
e matrix is:
COV(~r)k =

[
COV(~r)−1

k−1 + AT C̃(~q)−1
k A

]−1 (5.28)
~rk = COV(~r)k

[
COV(~r)k−1~rk−1 + AT C̃(~q)−1

i (~qmeas − ~c0)
]
, (5.29)were C̃(~q)−1

k is for simpli
ity de�ned as:
C̃(~q)−1

k = COV(~q)−1
k − COV(~q)−1

k B
[
BTCOV(~q)−1

k B
]−1

BTCOV(~q)−1
k . (5.30)Comparing Eq. 5.29 with the solution provided by the Billoir method in Eq. 5.11, it isstraightforward to realise that the Kalman formalism in the weighted mean approa
h rep-resents the iterative version of the Billoir solution: this shows that the two approa
hes are
ompletely equivalent. A
tually the 
omparison is useful, sin
e it 
learly shows that, if one
an release the requirement of 
omputing the vertex position iteration after iteration, 
omput-ing everything iteratively in terms of COV−1(~r)k · ~rk, one 
an redu
e the number of requiredinversions of the 
ovarian
e matrix of the vertex position by a fa
tor Ntrk. This has been
onsidered when implementing the Kalman �lter formalism in the vertexing framework ofthe ATLAS software ATHENA: the inversion is performed only on request, when the vertexposition needs �nally to be obtained.The 
omputation of the momenta of the tra
ks at the vertex and of the χ2 
ontributionof all tra
ks is then usually done during the �nal smoothing steps, sin
e for their 
orre
t
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Figure 5.2: Tra
k helix in the transverse (left) and in the ρφ plane (right). The tra
k is de�ned in the perigeerepresentation at the point of 
losest approa
h P to the referen
e position R.estimation the �nal �tted vertex position is needed. Their expli
it formulation 
an be foundin Ref. [62℄.While the Kalman �lter approa
h in the weighted mean formalism as illustrated here wasimplemented for primary vertex �tting appli
ations as presented in the present 
hapter, amathemati
al extension of it was worked out to de�ne the JetFitter algorithm for b-tagging,as presented in Se
tion 6.6.5.3.3 Linearised measurement equation: 
omputation of Ja
obiansAn important input to the vertex �t is the parametrisation of the tra
k traje
tories. For ea
htra
k, the traje
tory, following the equation of motion of a 
harged parti
le in a 
onstantmagneti
 �eld, needs to be linearised around a 
ertain position of spa
e ~r0 and around a
ertain value of the tra
k momentum ~p0.In the perigee representation the traje
tory is de�ned at the point of 
losest approa
h Palong the tra
k with respe
t to a referen
e position R, as shown in Fig. 5.2, a

ording to theATLAS referen
e frame introdu
ed in Se
tion 3.2. At the point P �ve helix parameters ~q arede�ned:
• d0: signed transverse impa
t parameter (the distan
e from point R to P in the transverseplane);
• z0: longitudinal impa
t parameter (the distan
e from point R to P along the z axis)l
• φp: azimuthal angle of traje
tory at P , de�ned in [−π;π);
• θp: polar angle of traje
tory at P , de�ned in [0;π];
• q/p: ratio of the 
harge of the parti
le to its full momentum.The sign of the impa
t parameter d0 is de�ned in su
h a way that, if φ0 is the azimuthalangle expressing the dire
tion of the ve
tor −−→OP in the transverse plane as shown in Fig. 5.2,
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2 + 2πn (n ∈ Z) and it is negative otherwise. In addition,the signed 
urvature is de�ned as:

ρ =
sin(θ)

q
pBz

. (5.31)Given the ATLAS referen
e frame, in the inner dete
tor the magneti
 �eld is in good approx-imation entirely dire
ted along the z axis, a positive 
urvature will 
orrespond to a 
lo
kwiserotation and a negative 
urvature to a 
ounter-
lo
kwise rotation.A generi
 position V on the traje
tory 
an be parametrised in terms of the traje
toryparameters, plus an additional parameter, whi
h de�nes the point along the tra
k to be
onsidered: for simpli
ity, the transverse dire
tion φV of the momentum at the point V of thetraje
tory is 
hosen. The spatial 
oordinates of this point V 
an then be expressed as:
xV = xR + d0 cos

(
φp +

π

2

)
+ ρ

[
cos
(
φV +

π

2

)
− cos

(
φp +

π

2

)]

yV = yR + d0 sin
(
φp +

π

2

)
+ ρ

[
sin
(
φV +

π

2

)
− sin

(
φp +

π

2

)] (5.32)
zV = zR + z0 −

ρ

tan(θ)
[φV − φp]where (xR, yR, zR) de�nes the referen
e position R.The linearisation of the measurement equation requires the 
al
ulation of the matri
es ofderivatives A = ∂(d0,z0,φP ,θP ,q/p)

∂(xV ,yV ,zV ) and B = ∂(d0,z0,φP ,θP ,q/p)
∂(φV ,θ,q/p) . In order to 
ompute them, theperigee parameters (d0, z0, φP , θP , (q/p)P ) need to be expressed as a fun
tion of

(xV , yV , zV , φV , θV , (q/p)V ):
d0 = ρ + sgn(d0 − ρ)

√(
xV − xR − ρ cos

(
φV +

π

2

))
+
(
yV − yR − ρ sin

(
φV +

π

2

))

φP = arctan

(
yV − yR − ρ sin

(
φV + π

2

)

xV − xR − ρ cos
(
φV + π

2

)
) (5.33)

z0 = zR + zV +
ρ

tan(θ)
[φV − φp (xV , yV , φV , θ, q/p)]

(
q

p

)

P

=

(
q

p

)

V

θP = θVTo simplify the above formulae the following expressions are de�ned:
X = xV − xR − ρ cos

(
φV +

π

2

) (5.34)
Y = yV − yR − ρ sin

(
φV +

π

2

)

S =
√

X2 + Y 2where X and Y 
an be interpreted geometri
ally as shown in Fig. 5.2. In addition, for alltra
ks 
onsidered, |ρ| ≫ |d0|, so that sgn(d0 − ρ) = −sgn(ρ).In order to get the Ja
obians A and B to feed into Eq. 5.16, the derivatives of (d0, z0, φP , θP , (q/p)P )with respe
t to (xV , yV , zV , φV , θV , (q/p)V ) need to be 
omputed, as expli
itly derived in theAppendix in Se
tion A.1.1.Given the result of this 
omputation, it turns out that it is useful to de�ne:
R = Y sin(φV ) + X cos(φV ) (5.35)
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Q = X sin(φV ) − Y cos(φV )Applying the identities of Eq. 5.35, the �nal result for the Ja
obian matri
es 
an be obtainedin a very 
ompa
t form:

A =
∂(d0, z0, φP , θP , q/p)

∂(xV , yV , zV )
=





−hX
S −hY

S 0

ρ
tan θ

Y
S2 − ρ

tan θ
X
S2 1

− Y
S2

X
S2 0

0 0 0

0 0 0





, (5.36)
and

B =
∂(d0, z0, φP , θP , q/p)

∂(φV , θ, q/p)
=





−hρ
S R ρ

tan θ

[
1 − h

S Q
]

− ρ
q/p

[
1 − h

SQ
]

ρ
tan θ

[
1 − ρ

S2 Q
]

ρ
[
∆φ + ρ

S2 tan2 θ
R
] ρ

q/p tan θ

[
∆φ − ρ

S2 R
]

ρ
S2 Q − ρ

S2 tan θ
R ρ

S2q/p
R

0 1 0

0 0 1





,

where the quantities h and ∆φ are de�ned as:
h = sgn(ρ) (5.37)

∆φ = φP − φV .Using the expli
it formulae for the Ja
obians just derived, the matri
es A and B and the
onstant term ~c0 of Eq. 5.7 need to be 
omputed individually for every tra
k, in the vi
inityof the linearisation point, whi
h usually represent the best estimate of the vertex position atthe time the tra
k is linearised. The �rst essential ingredient is de�ning the point ~r0 along thetra
k, with respe
t to whi
h the tra
k needs to be linearised. In the a
tual implementationthis point is de�ned at the point of 
losest approa
h to the estimated vertex position in thetransverse plane5. On
e the position ~r0 along the tra
k is de�ned, also the tra
k momentum
orresponding to this position, ~p0, is 
omputed and the Ja
obians A and B are evaluated,by 
hoosing the 
oordinates xV , yV , zV of the point V at whi
h the Ja
obian is 
omputedto be equal to ~r0 and the tra
k momentum at the point V to be equal to φV , θV , q/p. Theparameters d0,z0,φP ,θP and q/p used in the evaluation of the Ja
obians are just the originalhelix parameters of the tra
k. Finally the 
onstant term ~c0 needs to be 
omputed. This isa
hieved exploiting the de�nition of ~c0 impli
itly assumed in Eq. 5.7:
~c0 = ~q0 − A · ~r0 − B · ~p0 (5.38)If the referen
e point R at whi
h the tra
k parameters are de�ned (see Fig 5.2) is too faraway from the linearisation point to be used, then the tra
k is extrapolated dire
tly to the5This 
hoi
e is motivated by the fa
t that the impa
t parameter resolution in the transverse plane is sig-ni�
antly better than the longitudinal impa
t parameter resolution and thus using the point of 
losestapproa
h in the transverse plane yields better results than using the 
losest point to the linearisation pointalong the tra
k in full three dimensions. If the referen
e point R of the tra
k is 
hosen to be the a
tualestimated vertex position, this 
hoi
e is equivalent to putting φV = φP and therefore ∆φ = 0.
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king extrapolation tool [65℄. The equations of motionused for the 
omputation of the Ja
obians are based on the hypothesis that the magneti
 �eldis always dire
ted only in the z dire
tion and that it is un
hanged in di�erent positions ofthe tra
k helix, whi
h is only 
orre
t on a su�
iently short range. As opposed to that, theATLAS tra
king extrapolation tool makes use of a 
omplete propagation of the tra
k throughthe ATLAS magneti
 �eld, relying on the Runge-Kutta te
hnique [66℄, and takes the in�uen
eof the dete
tor material on the extrapolated parameters and errors into a

ount. In this 
asethe linearisation pro
edure, as outlined before, is applied dire
tly to the new tra
k parametersafter extrapolation.In Se
tion A.1.2 of the Appendix the Ja
obians A and B 
omputed in this se
tions are�rst expanded in terms of the inverse of the tra
k 
urvature ρ and the �rst order result is
ompared with the approximated result for large 
urvatures available in Ref. [61℄, as a �rst
ross-
he
k of the new 
omputation: perfe
t agreement is found.5.3.4 Ja
obians for a neutral tra
kFor parti
ular appli
ations, feeding neutral tra
ks into a vertex �t 
an be very useful, aswill be des
ribed in the present thesis work when applying vertexing to b-tagging, where aneutral tra
k 
an represent for example a K0 meson or a Λ baryon, re
onstru
ted at theirde
ay vertex position through their 
harged de
ay produ
ts. This requires the de�nition ofa neutral traje
tory and the 
omputation of its Ja
obians. However, the linearisation of aneutral traje
tory 
an be obtained from the 
harged 
ase, taking the approximate result forlarge 
urvatures (presented in Se
tion A.1.2), and then setting 1
ρ = 0, whi
h 
orresponds tokeeping only the 
onstant term of the Taylor expansion in 1

ρ . In addition, the parameter q/pis substituted by 1/p, sin
e the sign of the 
urvature has no relevan
e in the limit for ρ → ∞.The result for the position and momentum Ja
obian is reported here:
A =

∂(d0, z0, φP , θP , 1/p)

∂(xV , yV , zV )
(5.39)

=





− sin(φV ) cos(φV ) 0

− cos(φV )cot(θ) − sin(φV )cot(θ) 1

0 0 0

0 0 0

0 0 0





B =
∂(d0, z0, φP , θP , 1/p)

∂(φV , θ, 1/p)
(5.40)

=





−R̃ 0 0

cot(θ)Q̃ R̃
sin2(θ)

0

1 0 0

0 1 0

0 0 1





,

where R̃ and Q̃ are as de�ned as:
R̃ = (yV − yR) sin(φV ) + (xV − xR) cos(φV ) (5.41)
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Q̃ = (xV − xR) sin(φV ) − (yV − yR) cos(φV ), (5.42)in su
h a way that they remain �nite in the limit ρ → ∞.As a 
ross-
he
k, the same result has been also obtained dire
tly, 
onsidering the equationof motions of a neutral parti
le and 
omputing the derivatives dire
tly.5.3.5 Adaptive methods for vertex �ttingThe mathemati
al determination of the vertex position is usually based on the minimisationof the tra
k traje
tories residuals with respe
t to the estimated vertex position, based onthe χ2 already de�ned in Eq. 5.5, whi
h, for the purpose of the present dis
ussion, 
an besimpli�ed to:

χ2(~r) =

Ntrk∑

i=1

5∑

j=1

[~qpred,i(~r) − ~qmeas,i]
2
j

[~σi]
2
j

, (5.43)where the 
ovarian
e matri
es, to simplify the notation, have been assumed to be diagonal.If the measurements of all tra
k traje
tories 
ontributing to the vertex �t are Gaussiandistributed around their true position in spa
e, the minimisation of the χ2 fun
tion above,independently on the method used to a

omplish this s
ope, provides an e�
ient and unbiasedestimator for the vertex position. However, sin
e the χ2 fun
tion depends quadrati
ally onthe traje
tory residuals with respe
t to the primary vertex position, the �t 
an be signi�
antlybiased by the presen
e of outlying measurements (outliers). These 
an be of two kinds:
• Badly re
onstru
ted tra
ks, for example be
ause of wrong hit to tra
k assignmentsduring the tra
king pattern re
ognition step.
• Corre
tly re
onstru
ted tra
ks, but representing 
harged parti
les originating in di�erentand su�
iently displa
ed de
ay vertex position.. Tra
ks 
orresponding to outlying measurements 
an be signi�
antly displa
ed with respe
tto the vertex to be determined in the �t. A measurement of this displa
ement is providedby the 
ontribution to the overall vertex �t χ2 of ea
h individual tra
k. This follows a χ2distribution with two degrees of freedom6 and 
an be easily translated in terms of Gaussiansigni�
an
es.The (in)sensitivity of a vertex �t to su
h outlying measurements is usually de�ned asrobustness.One way to redu
e su
h a dependen
e on outlying measurements is to deal with it duringthe vertex �nding step, repeating the minimisation of the vertex �t χ2 of Eq. 5.43 more thanon
e and using an estimate of the 
ompatibility of the tra
k to the present vertex position asa 
riterion to in
lude or ex
lude a 
ertain tra
k in the �t itself. This is however part of the�nding pro
edure, whi
h is des
ribed in the next se
tion.An alternative approa
h to a

omplish the same goal is to modify dire
tly the vertex �ttingpro
edure itself, in su
h a way to make it adaptively redu
e the in�uen
e of outliers. A6The helix parameters 
ontain �ve degrees of freedom, but three of them are eaten up to obtain the tra
kmomentum at the vertex.



5.3 Mathemati
al determination of the vertex position 69modi�ed χ2 fun
tion 
an be de�ned, where the single tra
k 
ontributions are re-weighted bya fa
tor whi
h depends on their 
ompatibility with the last estimated vertex position:
χ2(~r) =

Ntrk∑

i=1

ω
(
χ̂2

i (~r)
) 5∑

j=1

[~qpred,i(~r) − ~qmeas,i]
2
j

[~σi]
2
j

(5.44)The weight fa
tor for a single tra
k is typi
ally de�ned as a fun
tion of the χ2 
ontributionde�ning the probability of the tra
k to be 
ompatible with the vertex position. This makesthe new fun
tion to minimise non-linear with respe
t to the sum of squared residuals ofthe un
orre
ted χ2 fun
tion of Eq. 5.43. A pra
ti
al way to minimise the new fun
tion is torepeat the χ2 minimisation iteratively, with the weight fa
tors ω 
omputed with respe
t to theresidual tra
k χ2 
ontribution from the previous iteration (denoted χ̂2), until 
onvergen
e isrea
hed. This also justi�es the interpretation of the weight fa
tor ω as the a-priori probabilityof the tra
k to be 
orre
tly assigned to the vertex to �t.However there is a severe limitation in this approa
h. During the �rst �t iterations, wherethe �t is still potentially largely biased by outlying measurements, the estimated vertex posi-tion 
an be signi�
antly wrong: if the tra
k weight fa
tors ω to be used for later �t iterationsare based on this estimate, they 
an either lead to an early ex
lusion of tra
ks whi
h would beperfe
tly 
ompatible with the real vertex or to an ine�
ient down-weighting of real outliers.A possible solution to this problem is to make use of a thermodynami
 annealing pro
edure,where the weight fa
tors ω are made dependent not only on χ̂2, but also on a temperaturevalue, whi
h is very high during the �rst iterations, when the vertex estimate is supposed tobe very bad, and is lowered gradually following the �t iterations. The dependen
e of ω on thetemperature is then de�ned in su
h a way that, with high temperature values, only a lightpreferen
e is given to tra
ks 
ompatible with the a
tual estimated vertex position, while, withlower temperature values, the tra
k down-weighting gets stri
ter and stri
ter, 
orrespondingnearly to 
ompletely dropping all in
ompatible tra
ks and keeping all remaining tra
ks withweight ω = 1.Adaptive Vertex FitterThe Adaptive Vertex Fitter (AVF), whi
h was implemented for the �rst time in the CMSsoftware framework [67℄, is based on a weight fun
tion ω
(
χ̂2, T

) of the following kind:
ω(χ̂2) =

1

1 + exp

(
χ̂2−χ2

cutoff

2T

) , (5.45)whi
h 
orresponds to a Fermi fun
tion, where the value of transition between region of highand low weight is given by the 
uto� value χ2
cutoff and the transition 
an be made arbitrarilyfrom smooth to sharp by 
hanging the temperature value T from very high to very lownumbers. The weight fa
tor is shown as a fun
tion of χ̂2 for few di�erent 
hoi
es of the valueof the temperature in Fig. 5.3. In the limit of T → 0, the weight fa
tor be
omes a simplestep fun
tion, with weight equal to one if χ̂2 < χ2

cutoff and 0 otherwise; in the vertex �t, thiswould 
orrespond to dropping all tra
ks with χ̂2 > χ2
cutoff .The pro
edure used to de
rease the temperature value T with in
reasing �t iterations is the
hosen annealing s
heme. The simplest possible 
hoi
e is the implementation of a deterministi
annealing s
heme, where a set of prede�ned temperature values in de
reasing order is 
hosen,and, starting from the �rst one, after every new �t iteration, the next in the set is used, andthe �t iterations stop after the last temperature value in the set is used. In this annealing
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Figure 5.3: Weight fa
tor, as a fun
tion of χ̂2, and for few di�erent values of the temperature T .s
heme both the set of temperatures and the value of χ̂2 used in the weight fa
tor ω 
an betuned to give the best possible performan
e. The result of this tuning is illustrated in theappendix (Se
tion A.3).On
e the weight fa
tors in Eq. 5.44 are de�ned, the minimisation of the vertex �t χ2 
anbe brought ba
k to the form of Eq. 5.43 by multiplying the weight matri
es of the single tra
kparameters by the weight fa
tors asso
iated to the respe
tive tra
ks. This makes the adoptionof the Kalman �lter approa
h of Se
tion 5.3.2 straightforward also for being applied to theAdaptive Vertex Fitter. The value of χ̂2 used to 
ompute the weight fa
tor ω one �t iterationlater 
an be obtained either by smoothing the tra
k a

ording to the Kalman �lter formalism,or by alternative faster but slightly more approximate methods.One problemati
 issue with the iterative �tting pro
edure as outlined so far is how to get agood initial estimate of the vertex position, in order to avoid the need both of starting withextremely high temperature values and of 
onsidering a very large set of temperature values,whi
h would make the �t extremely slow and ine�
ient. In order to a
hieve this, a vertexseed �nder algorithm needs to be de�ned, whi
h already in
ludes a 
ertain robustness againsttraje
tories far away from the 
ore spa
e zone interse
ted by most of the tra
ks. This is partof the �nding strategy and will be des
ribed in some detail in the next se
tion.Adaptive Multi-Vertex FitterAn extension of the Adaptive Vertex Fitter allows the simultaneous �t of N tra
ks to Mverti
es, the Adaptive Multi-Vertex Fitter (AMVF), whi
h was proposed in Ref. [68℄. Thisvertex �tting algorithm is parti
ularly useful when the experimental resolution is 
omparablewith the distan
es among the verti
es to be determined in the �t, whi
h is a frequent s
enarioin proton-proton 
ollisions at the LHC.When performing a single vertex �t, as already mentioned in the present se
tion, a signif-i
ant degradation of the vertex resolution and a non-Gaussian behaviour of the �t result isexpe
ted due to outlying measurements, whi
h 
an be of two kinds, either mismeasured tra
ksor real outliers. In the 
ase of a single vertex �t, the in�uen
e of both kind of outliers 
anbe redu
ed only by down-weighting the in�uen
e in the �t of tra
ks whi
h are in
ompatiblewith a previous estimate of the �tted vertex position; this is what the Adaptive Vertex Fitter



5.4 Vertex finding algorithms 71is designed to do. However, outlying measurements of the se
ond kind 
an be reje
ted moree�
iently if the �t is able to 
lassify these tra
ks as belonging to a di�erent vertex, whi
h ispossible, as long as this additional vertex is su�
iently displa
ed from the �rst vertex andis interse
ted by at least two tra
ks. As a 
onsequen
e, the optimal solution to the problemof vertex �tting with a signi�
ant amount of outliers originating in di�erent but 
losely po-sitioned displa
ed verti
es is the simultaneous �t of su
h verti
es, dynami
ally assigning thetra
ks to the verti
es they are most 
ompatible with.The simplest solution to the problem of simultaneously �tting N tra
ks to M verti
es isprovided by the Adaptive Multi-Vertex Fitter, whi
h 
onsists in M simultaneous �ts (equiv-alent to M simultaneous instan
es of the Adaptive Vertex Fitter), where every single vertex�t is based again on the modi�ed χ2 fun
tion of Eq. 5.44, but with a weight fa
tor de�ned as:
ωvtx(χ̂i

2) =
exp

(
− χ̂2(i→vtx)

2T

)

∑M
j=1 exp

(
− χ̂2(i→j)

2T

)
+ exp

(
− χ̂2

cutoff

2T

) , (5.46)where χ̂2 (i → j) represents the 
ompatibility of tra
k i with vertex j. This 
hoi
e of theweight fa
tor provides a simple extension of Eq. 5.45 and 
an be intuitively seen as a measureof the probability of the tra
k i to be 
ompatible with the 
onsidered vertex, divided by thesum of probabilities to be 
ompatible with any of the M verti
es plus the prior probability ofthe tra
k to be an outlying measurement. During a single multi-vertex �t iteration, the Msimultaneous �ts are 
ompletely independent from ea
h other, but the weight fa
tors whi
hare based on the previous �t iteration do 
orrelate all vertex �ts together.While the Adaptive Multi-Vertex �t provides a very interesting way to try to optimallydetermine the position of M verti
es out of N tra
ks, by dynami
ally re-weighting their as-signment to the M verti
es, it does not provide a solution of the underlying pattern re
ognitionproblem. In fa
t, it does not provide a solution to the problem of determining the number ofverti
es to �t and a �rst estimate of their position, whi
h is absolutely ne
essary to start a�rst iteration of the multi-vertex �t. A possible solution to this problem will be dis
ussed aspart of the vertex �nding algorithms proposed in the 
ourse of this thesis in the next se
tion.5.4 Vertex �nding algorithmsThe vertex �nding algorithms are responsible for the overall primary vertex re
onstru
tionpro
ess: they take all sele
ted tra
ks as input, 
luster them into a set of separate verti
es andthen make use of spe
i�
 vertex �tting algorithms to determine their pre
ise vertex positions.While the mathemati
al 
ore of the vertex re
onstru
tion problem is 
ertainly represented bythe vertex �tting algorithms, several vertex �nding algorithms are implemented to solve theunderlying pattern re
ognition problem and they will be shortly des
ribed in the following.Sin
e the adaptive vertex �nding methods heavily rely on the determination of a good vertexseed, the seed �nding algorithms and their performan
e are des
ribed before introdu
ing theadaptive vertex �nders.5.4.1 Default vertex �nderThe default vertex �nder (known in ATLAS under the name of InDetPriVxFinderTool) wasalready implemented in the ATLAS 
ommon vertexing framework at the time this thesis workstarted and it will be therefore used as a referen
e for all other vertex �nders. It implementsan approa
h where the vertex �nding and �tting problems are 
ompletely de
oupled, denoted



72 5 Re
onstru
tion of the primary intera
tion vertexas �tting after �nding, and it is usually based on the Billoir method for the vertex �tting part(whi
h was des
ribed in Se
tion 5.3.1), but it 
an make use equally well of the Kalman �ltermethod, thanks to the modularity of the vertexing framework.As a �rst step, whi
h is 
ommon to all vertex �nding algorithms, a tra
k sele
tion is appliedto the input tra
ks: the aim is both to redu
e the amount of fake or badly measured tra
ksand to ensure that tra
ks whi
h pass su�
iently far away from the intera
tion region are notin
luded in the �t, in order not to slow down the vertex �tting pro
ess. More details on thetra
k sele
tion step will be given in Se
tion 5.5.1.The tra
ks are 
lustered into separate verti
es before any vertex �t is started. For ea
hinput tra
k passing the sele
tion a z position is de�ned: sin
e the beam spot 
entre providesalready an ex
ellent approximation for the transverse position of any signal or pile-up pri-mary vertex, the z position is de�ned for ea
h tra
k at its point of 
losest approa
h to thebeam spot 
entre in the transverse plane (this 
orresponds to the z0 tra
k parameter in theperigee frame). On
e the z position of every tra
k is de�ned, all these positions are passedto a spe
i�
 vertex 
lustering tool whi
h 
lusters the tra
ks into separate verti
es. Many dif-ferent implementations of this vertex 
lustering tool exist: only the default approa
h will bementioned here and used for the results presented in this thesis, whi
h makes use of a simplesliding window algorithm, where a �xed window size in the z dire
tion of 5 mm is used to
luster all tra
ks in the same window into a 
ommon vertex, making the window slide fromlow to high values of the z 
oordinate.After the tra
ks are 
lustered into independent set of tra
ks, they are pro
essed indepen-dently and in 
onse
utive order: ea
h set of tra
ks, with related initial vertex position estimate,is passed to the vertex �tting tool, so that ea
h independent set of tra
ks results in a singlevertex.In order to redu
e the in�uen
e of outliers due to badly measured tra
ks or se
ondary tra
ksor tra
ks belonging to a di�erent primary intera
tion vertex, after a �rst vertex �t on a spe
i�
set of tra
ks was performed, tra
ks with a value of χ2
cut below a 
ertain value (as a default a
ut on χ2

cut < 6 is used, 
orresponding to Prob(χ2
cut)< 5%(7) are removed from the �t andthe �t is repeated iteratively, until no su
h tra
ks are present anymore.In addition, usually the beam spot 
onstraint is used during the �tting pro
edure, whi
hmeans that an additional spatial three-dimensional Gaussian measurement 
entred around thebeam spot 
enter and with the beam spot size as width is applied during the vertex �t. Dueto the fa
t that the beam spot 
onstraint is integrated dire
tly into the vertex �t, se
ondarytra
ks, whi
h are typi
ally in
ompatible with the beam spot on the transverse plane, will geta very bad χ2 value and will thus be removed from the �t by the iterative �tting pro
edureitself. As a side remark, the use of the beam spot 
onstraint permits to de�ne a vertex positionwith a single tra
k.The main di�eren
e between this approa
h and the vertex �nding pro
edures whi
h will beintrodu
ed in the following se
tions is that, on
e the tra
ks are removed from the vertex theywere asso
iated to, they are not 
onsidered for any other vertex 
andidate: these tra
ks arelost. Beyond the z position of the tra
ks, no information about the 
ompatibility of the tra
ksto their 
andidate verti
es is used to improve the assignment of tra
ks to verti
es. However,in parti
ular at the beginning of data taking, when the error estimate available on the tra
kparameters might be very poor, using su
h a 
lustering method may a good 
hoi
e8.7The Prob(χ2) is de�ned as “

1 −
R χ2

0
f(χ̃2)dχ̃2

”, where f(χ̃2, ndof) is the probability density fun
tion of the
χ2 distribution with appropriate number of degrees of freedom dof , whi
h in the present 
ase is two.8after proper tuning the 
lustering size and the χ2

cut parameters on data.



5.4 Vertex finding algorithms 735.4.2 Seed �ndersThe seed �nder is responsible for �nding a �rst estimate of the vertex position, given a setof tra
ks. While this is desirable, but not ne
essary for a 
onventional vertex �nder, it isfundamental when an adaptive vertex �nding algorithm is used. Two algorithms have beenimplemented: a full 3d and a simpli�ed longitudinal 
luster �nding algorithm. While forprimary vertex �nding appli
ations, due to the size of the beam spot in the transverse plane,
lustering along the z axis yields a good �rst estimate of the vertex positions, the full 3dseeding is potentially an important alternative strategy, whi
h might be needed if the beamspot size is signi�
antly larger or if its position is not su�
iently well known.
3d Seed FinderA 3d seed �nder is designed to be able to �nd a point in the three-dimensional spa
e where theprobability of the tra
ks to interse
t is highest. This is a non-trivial task, sin
e the distan
ebetween tra
ks does not obey the triangular dis-equality: for example, if the distan
e betweentwo pair of tra
ks dist(a, b) < ǫ1 and dist(b, c) < ǫ2, it is not possible to de�ne any upper limitfor dist(a, c). This makes it parti
ular di�
ult to �nd the region of spa
e where the tra
ksare more likely to interse
t.The following pro
edure is adopted, whi
h is very similar to what was implemented for the�rst time in CMS [67℄ and whi
h redu
es the spa
es of tra
ks to a simpler eu
lidean spa
e ofpoints:

• all distan
es between all 
ombinations of two tra
ks out of N are 
al
ulated;
• the middle points at half distan
e between the tra
ks are 
onsidered;
• a weight w is assigned to ea
h of these points, a

ording to their distan
e d (w = 1

d2 ).To obtain the minimum distan
e between two tra
ks, the following distan
e needs to beminimised as a fun
tion of the position φ1 and φ2 along the �rst and se
ond tra
k:
d = Infφ1,φ2|~r1(φ1) − ~r2(φ2)|. (5.47)Sin
e no analyti
al minimisation is possible, a simple Newton iterative method in two dimen-sions has been used, re-deriving it for the ATLAS tra
k parametrisation based on Eq. 5.32and assuming the magneti
 �eld to be dire
ted along the z axis and 
onstant in the vi
inityof the intera
tion region:




φ1,n+1

φ2,n+1



 =




φ1,n

φ2,n



−J −1(φ1, φ2)




∂d(φ1,φ2)

∂(φ1)

∂d(φ1,φ2)
∂(φ2)



 (5.48)where
J =




∂2d(φ1,φ2)

∂2φ1

∂2d(φ1,φ2)
∂φ1∂φ2

∂2d(φ1,φ2)
∂φ1∂φ2

∂2d(φ1,φ2)
∂2φ2



 , (5.49)where φ1 and φ2 are typi
ally de�ned as the polar angles of the tra
k momenta in the transverseplane in 
orresponden
e of the two de�ned positions along the two tra
ks.The three-dimensional distribution of points at half-distan
e between all 
onsidered tra
ksis then split into three one-dimensional distributions. These distributions are supposed to
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tion vertexpeak at the positions where most of the tra
ks interse
t ea
h other, whi
h will yield a �rstestimate of the vertex position: in order to �nd the mode of these distributions in a s
aleinvariant way, i.e. without depending on any spe
i�
 
hoi
e for the binning, a Half SampleMode (HSM) algorithm is used, as illustrated in Fig. 5.4:
• All intervals whi
h 
over at least 50% of the points are 
onsidered.
• The interval with smallest length is 
hosen.
• The pro
edure is started again from 5.4.2. with the remaining points, until less than 3points are left.
• The mean of the remaining 2 or 3 points is returned as estimation of the peak.The weights, de�ned as the inverse squared distan
e between the two 
onsidered tra
ks, 
analso be taken into a

ount multiplying the interval lengths by the inverse of the sum of all theweights of the points 
ontained in that interval: in this way the algorithm 
omplexity growsfrom O(N) to O(N2).

Figure 5.4: S
hemati
 view of how the Half Sample Mode algorithm works.Even if the �nal algorithm 
omplexity of the seed �nder, 
onsidering that the number ofall possible pair of tra
ks is N(N−1)
2 , is O(N2) for the minimum �nding algorithm and O(N3)for the following mode �nder algorithm, the whole pro
edure is still signi�
antly faster thanthe vertex �tting step, so that no parti
ular e�ort was dedi
ated to improve the speed of theseed �nding algorithm.

z-S
an Seed FinderThe z-s
an seed �nder returns as a seed for the primary vertex the x and y 
oordinate ofthe position of the beam spot 
entre, while it �nds an estimate for the z 
oordinate applyingthe HSM algorithm to the z position of tra
ks at the PCA (point of 
losest approa
h) to thebeam spot 
entre.In order to avoid in
luding se
ondary tra
ks during the seeding pro
edure the 
ontributionof the tra
ks to the z distribution 
an be weighted by their respe
tive 
ompatibility to the



5.4 Vertex finding algorithms 75beam spot:
wi(z0, d0, φ) = exp

[
−
(

~ri(z0, d0, φ) − ~rBeamSpot

σ(~ri)

)2
]

. (5.50)Performan
e of the seed �ndersThe performan
e of the 3d seed �nder is analysed by looking at the resolution a
hievable bysu
h an algorithm, both in the longitudinal and transverse dire
tion, as shown in Fig. 5.5.The longitudinal resolution provided by the seed �nder is around a fa
tor of 2 worse thanafter a full vertex �t, while the transverse resolution is worse by a fa
tor of around 2.5. This
an be 
onsidered as a very reasonable performan
e, sin
e it must be 
onsidered that the seed�nder does not try to 
onstrain the tra
ks to pass through a single position in spa
e, as thevertex �t does, and does not expli
itly rely on the tra
k parameters' errors.
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Figure 5.5: Comparison of resolution a
hieved during initial estimate of vertex position by the 3d seed �ndingalgorithm and after the �nal vertex �t result, both in the z (left 
olumn) and x (right 
olumn) dire
tions,based on simulated events based of the tt̄ pro
ess.5.4.3 Adaptive vertex �nderThe adaptive vertex �nder (known in ATLAS under the name of InDetAdaptivePriVxFinder-Tool) di�ers from the default vertex �nder. It implements a �nding through �tting approa
h,whi
h is based on the following method:1. A seed �nder is used to �nd a �rst seed for a vertex 
andidate.2. A vertex �tter (typi
ally the Adaptive Vertex Fitter des
ribed in Se
tion 5.3.5) is usedto �t the new vertex 
andidate.3. All in
ompatible tra
ks from the previous �ts are used to �nd a new seed and startagain from 1, until no tra
ks are left.4. The output is a 
omplete set of �tted verti
es.



76 5 Re
onstru
tion of the primary intera
tion vertexThe 
ompatibility of tra
ks to a 
ertain vertex is evaluated by 
onsidering the same χ̂2 usedin the weight fa
tors of Eq. 5.45. As a default Prob(χ̂2)< 0.1% is used, whi
h 
orresponds toslightly more than 4 standard deviations, to redu
e the amount of verti
es whi
h split intotwo due to the presen
e of tra
ks whose error is underestimated.5.4.4 Adaptive Multi-Vertex FinderThe adaptive multi-vertex �nder (known in ATLAS under the name of InDetAdaptiveMulti-PriVxFinderTool) is an extension of the adaptive vertex �nder, whi
h deals with the simulta-neous �t of all primary verti
es in the event (from signal and pile-up) and is therefore intendedto be used with the adaptive multi-vertex �tter (AMVF) introdu
ed in Se
tion 5.3.5. A novelstrategy is proposed to solve the pattern re
ognition problem, i.e. to �nd a �rst estimate of thenumber of initial primary verti
es and of their position, perform the adaptive multi-vertex �tand exe
ute a splitting and/or merging pro
edure based on the multi-vertex �t result, basedon the following steps:1. A new vertex is seeded (using a 
ertain seed �nder).2. The new vertex is �tted simultaneously with all previous verti
es, in 
ase they alreadyexist, using the adaptive multi-vertex �tter.3. Tra
ks 
ompatible with the new vertex (χ̂2 < χ2
cut) are removed from the list of tra
ksused for seeding.4. A new iteration is performed starting again from 1, until no more verti
es are found.5. Verti
es whi
h are not signi�
antly separated are merged and a new �t iteration isperformed.While this pro
edure is relatively simple, it has several drawba
ks: the main problem is thatit is extremely slow with in
reasing instantaneous luminosities (and thus in
reasing number ofpile-up verti
es), sin
e at every new iteration the new vertex is �tted simultaneously with allprevious ones while all their tra
ks 
ompete to be atta
hed to any of the 
onsidered verti
es.While this permits to obtain the optimal separation between 
lose verti
es, a feature whi
h isparti
ularly useful with high instantaneous luminosities, it is not parti
ular useful in the 
aseof well separated verti
es, where it only slows down the whole pro
ess.This problem is 
ured by modifying the two-dimensional matrix of weights ωi,j (
onsideringall weights introdu
ed in Eq. 5.46, where ea
h element represents a measure for the probabilityfor tra
k i to belong to vertex j), in su
h a way that tra
ks 
ompete for 
ertain verti
es only ifthey have a reasonable minimum probability to 
ontribute to their �t (tra
ks have to be withina ∆z window of typi
ally 8 mm to a vertex). Then the adaptive multi-vertex �t is 
alled:if some of these tra
ks were already su�
iently 
ompatible with any other previously �ttedvertex, these verti
es are added to the multi-vertex �t with all their remaining asso
iatedtra
ks. All verti
es su�
iently far away from the new vertex of interest are not tou
hed bythis pro
edure, making the multi-vertex �t signi�
antly faster. After the new vertex is found,the pro
edure is iterated again, until no new verti
es are left.In addition, some spe
ial situations whi
h 
an arise during a multi-vertex �t need to beaddressed with some 
are. One of these situations is given by 
ases where a primary vertex issplit into two verti
es. This 
an happen for example either be
ause of badly measured tra
ksor be
ause of se
ondaries very 
lose to the primary intera
tion region. When this o

urs, the�t of the �rst vertex will reje
t some outliers, whi
h are in
ompatible with the �tted vertexa

ording to their Prob(χ̂2). A

ording to the multi-vertex �nding pro
edure, these will be



5.4 Vertex finding algorithms 77used to try to seed a new vertex, and then a simultaneous multi-vertex �t will be performedboth on the old and on the new vertex. There are two possible out
omes of the vertex �t inthis 
ase: if everything goes well, a new vertex will be found, eventually with few tra
ks in
ommon with the �rst vertex but with a well separate 
ore of tra
ks. However, in other 
asesthe se
ond vertex position will 
onverge to the �rst vertex position, they will both a
quirethe same 
ommon tra
ks with weight 
lose to ≈ 1
2 and the tra
ks whi
h were used to seed these
ond vertex will be
ome outlying measurements for both verti
es. In order to avoid this tohappen the following pro
edure was implemented:

• After a new vertex i is �t, a test is performed, in order to make sure that the new vertexis not 
loser to any other vertex j in spa
e by less than 2σ, applying a 
ut on the vertex
ompatibility formula of Eq. 5.51 in 
ase the 3d seeding pro
edure is used or on theformula of Eq. 5.52 in the 
ase only the seeding pro
edure along the z dire
tion is used.
comp(vtx1, vtx2)3d = exp

[

−(~ri − ~rj)
T [COV (~ri) + COV (~rj)]

−1 (~ri − ~rj)

2

](5.51)
comp(vtx1, vtx2)z = exp

[
− (zi − zj)

2

2 (σ(zi)2 + σ(zj)2)

] (5.52)
• If the new vertex fails to ful�l this 
ondition, i.e. it the two verti
es have been mergedinto a single one, the se
ond one is removed and a new multi-vertex �t is performed onvertex j, simultaneously with all other verti
es whi
h share tra
ks with it.5.4.5 Signal sele
tion in the presen
e of pile-upAfter the primary vertex �nder has been run su

essfully, a set of well de�ned primary verti
es(position, vertex quality and 
orresponding tra
ks) is returned. It is of 
ru
ial importan
e forlater stages of the ATLAS event re
onstru
tion software to isolate among these verti
es theone with the highest probability to 
ontain the hard s
atter event of interest. Many obje
tidenti�
ation algorithms require their 
andidates to point to the identi�ed signal primaryvertex; this is the 
ase for example when impa
t parameter 
uts are applied to tra
ks used as
andidates for b-jets or τ -jets.In order to isolate the signal vertex among all found primary verti
es, some vertex propertiesof the 
harged tra
k parti
les asso
iated to the �tted verti
es are used, in parti
ular thefollowing quantities have been 
onsidered for every single vertex:
• the transverse momentum of the asso
iated tra
ks;
• the number of asso
iated tra
ks.In the 
ase an adaptive primary vertex �tting algorithm is used, only tra
ks with a weight(expressing a measure for the probability to be asso
iated to a 
ertain vertex) w > wcut are
onsidered for the vertex sele
tion pro
edure, where wcut is usually 
hosen to be 10−3. Basedon these input quantities, di�erent methods have been implemented:
• Dis
riminator based on ∑Ntrk

i=1 p2
T,i.

• PROB method: dis
riminator expressing the probability, based on the pT distributionfor the tra
ks, for a vertex to originate from a minimum-bias event, negle
ting 
orrela-tions between di�erent tra
ks asso
iated to the same vertex.
• Neural network dis
riminator based on the pT of all tra
ks.



78 5 Re
onstru
tion of the primary intera
tion vertexIn this thesis only the �rst method will be 
onsidered, sin
e it is simple, robust and itperforms very well. The interested reader 
an �nd a detailed des
ription of the remainingmentioned methods in Ref. [69℄.5.5 Performan
eThe way the vertex �nding and �tting algorithms are implemented in the ATLAS softwareframework ATHENA is des
ribed in detail in the appendix (Se
tion A.2), with emphasison the vertexing framework and on the work-�ows of the various di�erent algorithms. Inthis se
tion only the performan
e of the various primary vertex re
onstru
tion algorithmsdes
ribed in this thesis is dis
ussed.In the absen
e of re
orded 
ollision events, the ATLAS o�ine re
onstru
tion 
hain anddi�erent primary vertex �nding algorithms are run on various kinds of simulated physi
sevents, generated by using a Monte Carlo event generator (Pythia orMC�NLO) and passedthrough the full simulation of the ATLAS dete
tor. The samples used for the study are listed inTable 5.1. They in
lude samples with no 
ontamination from pile-up events, whi
h are usefulto asses the nominal algorithmi
 performan
e, and with the level of 
ontamination expe
tedduring very early (L ≈ 1031 cm−2s−1) and nominal low luminosity (L ≈ 1033 cm−2s−1)data taking periods. Both in-time and out-of-time pile-up 
ontributions are 
onsidered. It isinteresting to note that, as explained in Se
tion 3.1, due to the higher bun
h 
rossing spa
ingexpe
ted in the very early data taking runs, even at very low instantaneous luminositiesATLAS may have to deal with a signi�
ant number of overlaid intera
tions from pile-upevents. It is therefore very important to make sure the algorithms 
an 
ope e�
iently withsu
h a s
enario. Pro
ess Generator Pile-up
L ∆tBC < Npu >

WH(120) → ℓνbb̄ Pythia - - 0
WH(120) → ℓνuū Pythia - - 0

tt̄ (→ bℓνbqq or → bℓνbℓν) MC�NLO - - 0
H(120) → γγ Pythia - - 0

WH(120) → ℓνbb̄ with pT (W,H)> 150GeV Herwig - - 0minimum bias Pythia - - -
WH(120) → ℓνbb̄ Pythia 1033 cm−2s−1 75ns 6.9
WH(120) → ℓνuū Pythia 1033 cm−2s−1 75ns 6.9

tt̄ (→ bℓνbqq or → bℓνbℓν) MC�NLO 1033 cm−2s−1 75ns 6.9
H(120) → γγ Pythia 2 × 1033 cm−2s−1 25ns 4.6

WH(120) → ℓνbb̄ Pythia 9.7 × 1031 cm−2s−1 450ns 4.0
WH(120) → ℓνuū Pythia 9.7 × 1031 cm−2s−1 450ns 4.0

tt̄ (→ bℓνbqq or → bℓνbℓν) MC�NLO 9.7 × 1031 cm−2s−1 450ns 4.0
H(120) → γγ Pythia 9.7 × 1031 cm−2s−1 450ns 4.0Table 5.1: Monte Carlo samples used to assess the performan
e of primary vertex �nding in ATLAS. Samplesin
luding di�erent levels of pile-up 
ontamination are 
onsidered. The information about pile-up is 
ondensedin the instantaneous luminosity (L), the interval in time between two subsequent bun
h 
rossings (∆tBC) andthe average number of additional in-time pile-up events (< Npu >). The label H(120) indi
ates a Higgs bosonwith a mass of 120 GeV.The 
ombination of vertex �nding and vertex �tting algorithms 
onsidered in the presentstudy are listed in Table 5.2. There is one more vertex �nding algorithm available in AT-LAS, based on an alternative implementation of the Billoir method (the VKalVrt vertexingpa
kage [70℄): this is however not 
onsidered in the 
ourse of the present study.
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e 79Name Vertex �nder Vertex �tter Deals with pile-upDefault vertex �nder Default vertex �nder Billoir vertex �tter yesSequential vertex �nder Default vertex �nder Kalman vertex �tter yesAdaptive vertex �nder Adaptive vertex �nder Adaptive vertex �tter noAdaptive multi-vertex �nder Adaptive multi-vertex �nder Adaptive multi-vertex �tter yesTable 5.2: Combinations of primary vertex �nders and vertex �tters used in this study.5.5.1 Tra
k sele
tionThe tra
ks used as input by the vertex �nding algorithms are �rst pro
essed by a tra
ksele
tion tool, whi
h �lters bad quality or se
ondary tra
ks. The tra
k sele
tion, due tothe modularity of the vertex re
onstru
tion framework, is 
ommon to all vertex �nder tools
onsidered in this study: this makes it easier to 
ompare the pure algorithmi
 performan
eof the various algorithms. The 
uts adopted during the tra
k sele
tion stage are listed inTable 5.3. The quality of the tra
ks is mainly ensured by requiring a minimum amount ofhits to be found in the various layers of the inner dete
tor and the tra
k �t to be of a 
ertainquality. Se
ondary tra
ks are mainly reje
ted by requiring a su�
iently small transverseimpa
t parameter, but this is only possible if the beam spot position is known with su�
ientgood pre
ision. If this is not the 
ase, a looser tra
k sele
tion needs to be applied.Quantity CutTransverse momentum pT > 500 MeVTransverse impa
t parameter |d0| < 4 mmError on transverse impa
t parameter σ(d0) < 350 µmError on longitudinal impa
t parameter σ(z0) < 2.5 mmTra
k �t quality χ2/dof < 3.5Minimum pixel dete
tor hits npix ≥ 1Minimum SCT dete
tor hits nSCT ≥ 5Minimum pixel+SCT dete
tor hits mpix + nSCT ≥ 7if beam spot position is known:Transverse impa
t parameter |d0| < 1 mmTransverse impa
t parameter signi�
an
e ˛

˛

˛

d0

σ(d0)

˛

˛

˛

<4Table 5.3: Sele
tion 
uts applied on tra
ks to be used as input for primary vertex �nding. The transverseimpa
t parameter is 
omputed with respe
t to the beam spot position.The e�e
t of the tra
k sele
tion on the vertex re
onstru
tion tra
k multipli
ity is shown inFig. 5.6, where the number of tra
ks before and after tra
k sele
tion is plotted for all 
onsideredphysi
s pro
esses, in the absen
e of 
ontamination from pile-up events. For 
ompleteness alsothe e�e
tive number of tra
ks used in the �t by the adaptive multi-vertex �nder is shown(
orresponding to the sum of the tra
k weights ω after the last �t iteration): this gives ameasure of the number of residual outlying measurements after tra
k sele
tion is applied. Ingeneral, a bit less than half of the original tra
ks are sele
ted to be used in the primary vertex�t: the highest tra
k multipli
ity is seen in tt̄ events, while the lowest one is seen in minimumbias events. In the 
ase of the WH pro
ess, it is interesting to noti
e the di�eren
e between
H → bb̄ events and H → uū events. At the beginning the tra
k multipli
ity is higher inthe �rst pro
ess, due to the higher number of tra
ks in a b-quark jet with respe
t to a lightquark jet. After sele
tion and, even more, after the intrinsi
 outlier removal performed by the
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Figure 5.6: Number of tra
ks in the event before and after tra
k sele
tion, for all 
onsidered physi
s pro
essesand in the absen
e of 
ontamination from pile-up events. As a referen
e, also the e�e
tive number of tra
ksused in the adaptive multi-vertex �t is shown.



5.5 Performan
e 81adaptive vertex �t, the amount of tra
ks surviving the sele
tion is higher in the WH pro
esswith H → uū, due to the fa
t that many of the tra
ks in a b-quark jet stem from b-hadronde
ays and are therefore signi�
antly displa
ed with respe
t to the primary vertex.The �nal transverse momentum and pseudo-rapidity distributions for the tra
ks whi
h feedinto the vertex �t, together with the �nal tra
k multipli
ity at the vertex, are shown inFig. 5.7. The resolution with whi
h the vertex 
an be determined in the �t depends 
riti
allyon these three variables. The tra
k resolution depends strongly on the kinemati
 variables pTand η (as shown in Fig. 4.2 of Chapter 4), while, under the hypothesis of a �xed distributionin pT and η, the vertex un
ertainty σ de
reases approximately linearly with the inverse ofthe square root of the number of tra
ks9. While most of the tra
ks 
orresponding to 
hargedparti
les produ
ed in the hadronisation of quarks have relatively low transverse momenta, a
lear tail to higher values 
an be seen in the pT distributions for the tt̄ and WH pro
esses,due to isolated leptons from the W boson de
ays in these two pro
esses.
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Figure 5.7: Tra
k multipli
ity, transverse momentum and pseudo-rapidity distribution of the tra
ks used inthe vertex �t, after tra
k sele
tion and after the outlier removal of the adaptive multi-vertex �nder.9(if the 
onstraint provided by the beam spot in the transverse plane is not 
onsidered)



82 5 Re
onstru
tion of the primary intera
tion vertex5.5.2 Vertex re
onstru
tion performan
e without pile-upThe vertex resolution depends not only on the pre
ision a
hievable by 
onstraining all tra
ksto interse
t a single point in spa
e, but also on the size of the beam spot, whi
h is used asa 
onstraint in the vertex �t. The resolution predi
ted by Monte Carlo simulations whenrunning primary vertex �nding on various physi
s pro
esses is shown in Fig. 5.8, in the formof residuals of the �tted vertex position with respe
t to the simulated primary vertex position,separately on the x and z axes.
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Figure 5.8: Residuals of the re
onstru
ted vertex position with respe
t to the simulated vertex position alongthe z (left) and y (right) axes, obtained by applying the adaptive multi-vertex �nding algorithm on variousdi�erent physi
s events.The performan
e of the adaptive vertex �nder is 
ompared to the other vertex �nders inTable 5.4, for all 
onsidered physi
s samples. The 
ore resolution in the x and z dire
tions isde�ned as the standard deviation σ of a Gaussian �t on the respe
tive residual distribution,where the �t is performed iteratively in a ±1.5σ window until a stable result is obtained.For 
ompleteness the squared mean residual (RMS) of the whole distribution is also quoted,whi
h gives an idea of the extension of the non-Gaussian tails. The per
entage of outliers isde�ned as the number of events where the re
onstru
ted vertex was either not found or wasoutside a window of 0.5 mm in the z dire
tion with respe
t to the simulated vertex position.As 
an be seen both in the plots and in the table, the best resolution 
an be a
hieved on tt̄events, where, using the adaptive �nders, a 
ore resolution of σz ≈ 30 µm and σx,y ≈ 9 µm
an be obtained along the longitudinal and transverse dire
tions, respe
tively, while the worseresolution is found on low pT minimum bias events, with a 
ore resolution of σz ≈ 80 µmand σx,y ≈ 15 µm. In the 
ase of minimum bias events the 
onstraint provided by the tra
ksin the transverse plane is nearly unable to improve the knowledge available due to the beamspot 
onstraint, whi
h in the simulation is assumed to be σx,y = 15 µm.The performan
e of the adaptive multi-vertex �nder and of the adaptive vertex �nder isessentially identi
al for all 
onsidered samples. This is not surprising: infa
t, in the 
aseof no pile-up, only one vertex is present in the event and, thus, the multi-vertex �t neverdeals with the simultaneous �t of more verti
es and performs the very same operations of the(single-vertex) adaptive vertex �nder. The same 
onsideration holds for the sequential andthe default vertex �nders, whi
h also show nearly the same performan
e. As already shown
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H → γγOutliers σz σx RMSz RMSxMulti-Vertex Finder 0.4% 47.3 µm 11.8 µm 67.6 µm 12.9 µmAdaptive Vertex Finder 0.4% 47.0 µm 11.7 µm 67.3 µm 12.9 µmSequential Vertex Finder 1.1% 52.0 µm 12.0 µm 83.4 µm 13.0 µmDefault vertex �nder 1.1% 51.5 µm 12.0 µm 82.2 µm 13.0 µm

tt̄Outliers σz σx RMSz RMSxMulti-Vertex Finder 0.0% 30.0 µm 8.9 µm 37.9 µm 10.4 µmAdaptive Vertex Finder 0.0% 30.0 µm 8.9 µm 35.8 µm 10.3 µmSequential Vertex Finder 0.4% 34.6 µm 9.0 µm 55.3 µm 10.5 µmDefault vertex �nder 0.4% 34.5 µm 9.0 µm 54.4 µm 10.5 µm

WH(→ lνuū)Outliers σz σx RMSz RMSxMulti-Vertex Finder 0.0% 33.8 µm 8.0 µm 41.8 µm 9.5 µmAdaptive Vertex Finder 0.0% 33.6 µm 8.0 µm 41.5 µm 9.5 µmSequential Vertex Finder 0.6% 36.6 µm 8.4 µm 57.1 µm 10.2 µmDefault vertex �nder 0.6% 36.4 µm 8.3 µm 56.4 µm 10.0 µm

WH(→ lνbb̄)Outliers σz σx RMSz RMSxMulti-Vertex Finder 0.1% 39.8 µm 10.4 µm 51.6 µm 12.0 µmAdaptive Vertex Finder 0.1% 39.8 µm 10.4 µm 51.6 µm 12.0 µmSequential Vertex Finder 0.8% 43.8 µm 10.9 µm 70.8 µm 12.2 µmDefault vertex �nder 0.8% 43.2 µm 10.8 µm 69.4 µm 12.2 µmminimum biasOutliers σz σx RMSz RMSxMulti-Vertex Finder 9.2% 80.8 µm 14.6 µm 128.8 µm 14.4 µmAdaptive Vertex Finder 8.5% 81.0 µm 14.6 µm 130.4 µm 14.4 µmSequential Vertex Finder 6.8% 88.7 µm 14.7 µm 143.3 µm 14.5 µmDefault vertex �nder 6.6% 88.3 µm 14.7 µm 142.2 µm 14.5 µm

WH → bb̄ at high pTOutliers σz σx RMSz RMSxMulti-Vertex Finder 0.0% 33.5 µm 9.9 µm 40.9 µm 11.1 µmAdaptive Vertex Finder 0.0% 33.5 µm 10.0 µm 40.9 µm 11.1 µmSequential Vertex Finder 0.4% 39.5 µm 9.8 µm 64.6 µm 11.4 µmDefault vertex �nder 0.4% 38.0 µm 9.6 µm 64.4 µm 11.4 µmTable 5.4: Performan
e a
hievable by the di�erent vertex �nding algorithms on various physi
s events sam-ples, without pile-up: the per
entage of outliers, the 
ore resolution (σ) and average squared mean (RMS) ofthe residuals distributions are listed separately for the x and z dire
tions. The residuals in the y dire
tion arenot quoted, sin
e they are identi
al to the 
orresponding ones in the x dire
tion. The statisti
al error on allresolutions quoted is 0.1 or smaller.



84 5 Re
onstru
tion of the primary intera
tion vertexin Table 5.2, these two �nders use the same �nding algorithm, but use two di�erent vertex�tting approa
hes: the sequential vertex �nder relies on the Kalman �lter approa
h, whilethe default vertex �nder relies on the Billoir �t approa
h. As demonstrated at the end ofSe
tion 5.3.2, these two approa
hes are mathemati
ally identi
al and thus provide very 
loseresults.While the di�eren
es in resolution in the transverse plane are diluted by the strong 
on-straint provided by the beam spot, the longitudinal resolution undergoes a 
lear improvementwhen moving from more 
onventional algorithms to adaptive methods. As shown in Fig. 5.8and in Table 5.4, the longitudinal 
ore resolution a
hievable on tt̄ events improves by 13% from
34.6 µm to 30.0 µm, but the most visible e�e
t is in the tail of the z vertex position residualdistribution, where the mean squared residual improves by 34% from 54 µm to 36 µm. Thisdi�eren
e in performan
e 
orresponds to the two di�erent strategies implemented to redu
ethe in�uen
e of outlying measurements in the �t: the default and sequential vertex �nderstry to a

omplish this s
ope by iteratively removing in
ompatible tra
ks from the vertex �t,while the adaptive �tters smoothly down-weight outlying tra
ks during the �t itself, followingthe thermodynami
 annealing pro
edure des
ribed in Se
tion 5.3.5.The distribution for the estimated errors on the longitudinal and transverse vertex positionare shown in Fig. 5.9 and their average is listed in Table 5.5. These follow 
losely the e�e
tiveresolutions a
hievable on the various di�erent samples. It is worth noting the e�e
t of thebeam spot 
onstraint in the transverse plane; the expe
ted un
ertainty in the transverseposition of the primary vertex is approximately:

σx,y ≈ 1√
1

σ(BS)2x,y
+ 1

σ(PV)2x,y

,where BS refers to the beam spot and PV to the primary vertex. If, as in the 
ase of minimumbias events, σ(PV) ≫ σ(BS), the overall σx,y will approa
h σ(BS) ≈ 15 µm, as the plot 
an
on�rm. Even in the 
ase of tt̄ events, the 
onstraint provided by the beam spot 
onstraintstill improves the knowledge of the vertex position: using the above formula it is easy toestimate that the σx,y for these physi
s events would blow up from in average 8.7 µm to
≈ 10.7 µm if no beam spot 
onstraint is applied, as will be seen in Se
tion 5.5.3, where thebeam spot 
onstraint will be expli
itly removed.Whether the various vertex �nders determine 
orre
tly the vertex position un
ertainty
an be 
he
ked by looking at the pull distributions, de�ned as the vertex position residualsdivided by the 
orresponding estimated un
ertainty, whi
h are shown in Fig. 5.9 and listedin Table 5.5. The impa
t of outlying measurement is redu
ed for all vertex �nders and �ttersat least at a level that all pull distributions are fairly well represented by a simple Gaussiandistribution 
entred around 0, with a well de�ned width σ. If the error is estimated 
orre
tlyon an event per event basis, this width has to be very 
lose to one. In the 
ase of the
H → γγ, WH(lν → uū) and minimum bias samples no tra
ks from b-de
ays are expe
ted inthe vi
inity of the primary vertex and the impa
t of outlying measurements is redu
ed: hereboth adaptive and more 
onventional �nders perform fairly well, with widths very 
lose toone. On the remaining samples, tt̄ and WH(lν → bb̄), the width is a bit above one, whi
hmeans the errors, in parti
ular in the z dire
tion, are underestimated due to the presen
e ofoutliers, with the adaptive �nders being more robust and underestimating them by up to 15%and the remaining �nders underestimating them by up to 35%.Before introdu
ing the algorithmi
 performan
e in the presen
e of 
ontamination from pile-up intera
tions, it is useful to look at the number of re
onstru
ted verti
es in the absen
e ofit, where only one re
onstru
ted vertex is expe
ted. What 
an happen in some 
ases is, that
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H → γγ

< σz > < σx > σz,PULL σx,PULLMulti-Vertex Finder 60.5 µm 12.8 µm 1.03 1.01Adaptive Vertex Finder 60.6 µm 12.8 µm 1.03 1.01Sequential Vertex Finder 68.3 µm 12.6 µm 1.15 1.03Default vertex �nder 67.0 µm 12.5 µm 1.15 1.04
tt̄

< σz > < σx > σz,PULL σx,PULLMulti-Vertex Finder 30.3 µm 8.7 µm 1.14 1.17Adaptive Vertex Finder 30.3 µm 8.7 µm 1.14 1.17Sequential Vertex Finder 35.4 µm 9.2 µm 1.29 1.13Default vertex �nder 34.6 µm 9.0 µm 1.30 1.16
WH(→ lνuū)

< σz > < σx > σz,PULL σx,PULLMulti-Vertex Finder 37.8 µm 9.3 µm 1.05 0.99Adaptive Vertex Finder 37.8 µm 9.3 µm 1.05 0.99Sequential Vertex Finder 42.8 µm 9.5 µm 1.17 1.03Default vertex �nder 41.9 µm 9.3 µm 1.18 1.03
WH(→ lνbb̄)

< σz > < σx > σz,PULL σx,PULLMulti-Vertex Finder 42.9 µm 10.5 µm 1.13 1.14Adaptive Vertex Finder 42.9 µm 10.5 µm 1.13 1.14Sequential Vertex Finder 51.2 µm 10.9 µm 1.23 1.11Default vertex �nder 49.5 µm 10.7 µm 1.25 1.13minimum bias
< σz > < σx > σz,PULL σx,PULLMulti-Vertex Finder 135.4 µm 14.8 µm 0.99 0.97Adaptive Vertex Finder 138.4 µm 14.9 µm 1.00 0.97Sequential Vertex Finder 154.9 µm 14.4 µm 1.06 1.01Default vertex �nder 152.0 µm 14.4 µm 1.07 1.01

WH → bb̄ at high pT

< σz > < σx > σz,PULL σx,PULLMulti-Vertex Finder 32.6 µm 10.1 µm 1.16 1.09Adaptive Vertex Finder 32.6 µm 10.1 µm 1.16 1.09Sequential Vertex Finder 40.6 µm 10.4 µm 1.33 1.08Default vertex �nder 39.7 µm 10.3 µm 1.35 1.10Table 5.5: Performan
e a
hievable by the di�erent vertex �nders on various physi
s events samples, withoutpile-up: the average estimated vertex error (< σ >) and the Gaussian width of the pull distributions (σPULL)are listed, separately for the x and z dire
tions. The errors and pulls in the y dire
tion are not quoted, sin
ethey are identi
al to the 
orresponding ones in the x dire
tion.
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Figure 5.9: (Top row) Estimated error on the vertex position along the z (left) and x (right) axis. (Bottomrow) Residuals of the re
onstru
ted vertex position with respe
t to the simulated vertex position, divided bythe �t error, along the z (left) and x (right) axes. All distributions are obtained by applying the adaptivemulti-vertex �nding algorithm on various di�erent physi
s events.either no vertex is re
onstru
ted or, that more than one vertex is found, where the additionalvertex (verti
es) has (have) usually very few tra
ks. This last 
ase 
an be 
onsidered as anundesired splitting of the signal vertex into more than one vertex. The distributions withthe number of re
onstru
ted verti
es for the adaptive multi-vertex and for the default vertex�nder are shown in Fig. 5.10. It 
an be 
learly seen that the two �nding approa
hes givequite di�erent results here. The adaptive �nder uses all in
ompatible tra
ks to the previously�tted verti
es in order to seed a new vertex, whi
h means that, in the presen
e of badlyre
onstru
ted tra
ks or of tra
ks 
oming from se
ondary intera
tions, these 
an result in anadditional vertex; however, the �gure shows that this happens only in around 1% of the 
ases,slightly more in the presen
e of outlying tra
ks from b-de
ays (tt̄ and WH(→ bb̄)). Thedefault �nding algorithm, as des
ribed in detail in Se
tion 5.4.1, adopts a �tting after �ndingapproa
h, so the distin
tion of the verti
es relies ex
lusively on the �nding algorithm, whi
h
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Figure 5.10: Number of re
onstru
ted verti
es per events, running the adaptive multi-vertex �nder (left) orthe default vertex �nder (right) on various physi
s events, without any 
ontamination from pile-up events.
lusters tra
ks into verti
es using a sliding window algorithm with �xed size of ∆z = 5 mmbefore the vertex �t is started. As a result, this approa
h re
onstru
ts in around 40-50% of
ases more than one vertex. By in
reasing the window size of the 
lustering algorithm thisfra
tion 
ould be redu
ed, but, as a drawba
k, it will be
ome easier that, in the presen
e ofpile-up, two verti
es are found in a single 
luster and are therefore re
onstru
ted as a singlevertex. On the other side, Fig. 5.10 shows also that in a higher fra
tion of 
ases the adaptive�nder �nds no vertex at all; this is due to the fa
t that in the default vertex �nder singletra
k verti
es are allowed, whereas they are forbidden (in the default 
on�guration) by theadaptive �nder. The fra
tion of outliers, listed in the �rst 
olumn of Table 5.4, demonstrateshowever that many of the single-tra
k verti
es found by the default �nder are indeed not thereal primary vertex (they are displa
ed with respe
t to the simulated vertex by more than0.5 mm), so that the number of outliers is still lower for the adaptive �nder for all samples,ex
ept for minimum bias events. This means that the 
ase of minimum bias events is the onlyone where the 
hoi
e of 
onsidering single-tra
k verti
es does pay o�.The vertex re
onstru
tion e�
ien
y of the primary vertex on minimum bias events is around90 - 95%, as shown in Table 5.4, depending on the vertex �nding algorithm 
onsidered. Apartfrom using single-tra
k verti
es, this ine�
ien
y 
an be further redu
ed by using dedi
atedalgorithms to re
onstru
t very low pT tra
ks (tra
ks with pT below ≈ 400 MeV tend to 
urlwithin the inner dete
tor) and then by in
luding in the �t tra
ks with transverse momenta aslow as 150 MeV. However, this was not 
onsidered in the 
ourse of the present thesis.5.5.3 Performan
e with no beam spot 
onstraintDuring the early phases of data taking the knowledge of the beam spot size and positionmay be poor, so that it is important to 
ross-
he
k the performan
e of the primary vertexre
onstru
tion algorithms when the beam spot 
onstraint is not applied. This does not onlya�e
t the primary vertex �tting algorithms, where the beam spot 
onstraint needs just notto be applied, but also the seeding phase during the vertex �nding stage, whi
h needs to
ope with a mu
h higher un
ertainty on the knowledge of the primary vertex position in the
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tion vertextransverse plane. The adaptive multi-vertex �nder 
opes with this by swit
hing from the
z-s
an based seeding to the full 3d seeding (both des
ribed in Se
tion 5.4.2).The results predi
ted by Monte Carlo simulations in this s
enario are presented in Table 5.6,whi
h 
an be 
ompared dire
tly to Table 5.4, where the beam spot 
onstraint was applied.The vertex re
onstru
tion e�
ien
y of the sequential and default vertex �nder is signi�-
antly degraded. The reason is that a simple sliding window algorithm in z is used, whi
hworks well only if the z position of the tra
ks 
an be de�ned 
lose enough to the real vertexposition: however even a very approximated knowledge of the beam spot position would easilysolve this problem.This problem does not a�e
t the adaptive multi-vertex �nder, due to the use of the full 3dseeding. However, as a general drawba
k of not having a reliable estimate of the beam spotposition, the primary vertex �nding pro
edure will �nd all primary plus eventually severaladditional se
ondary verti
es in the event, sin
e se
ondary tra
ks will not be ex
luded fromthe �t due to the in
ompatibility with the beam spot 
onstraint. This means that in the 
asee.g. of the tt̄ and WH(→ lνbb̄) events, additional verti
es will be found whi
h 
orrespond tose
ondary verti
es from b-hadron de
ays: in these 
ases, if the 
harged parti
les asso
iated tosu
h verti
es are the highest in pT in the event, it 
an happen that the signal vertex sele
tionalgorithm wrongly identi�es these se
ondary verti
es as signal verti
es. Either using the tra
kmultipli
ity of these verti
es (whi
h is very low for su
h se
ondary verti
es) or 
al
ulating anapproximate intera
tion region position by averaging the primary vertex positions over manyevents and removing iteratively outlying measurements from se
ondary verti
es, it shouldbe straightforward to sele
t the real signal verti
es. In addition it will be easier for badlymeasured tra
ks to form a vertex, sin
e the spa
e of possible verti
es is not anymore restri
tedby the beam spot 
onstraint. For simpli
ity, when more verti
es, 
lose in spa
e, are present inthe event, in this study the vertex with highest tra
k multipli
ity was sele
ted. Thanks to the3d seeding pro
edure implemented in the adaptive multi-vertex �nder, the fra
tion of outliers(vertex 
andidates outside a window both in z and in rφ of 0.5 mm from the simulated vertexposition) is only very slightly in
reased when removing the beam spot 
onstraint, and staysin nearly all 
ases below 0.5%, apart for WH(→ bb̄), where the degradation is a bit moresigni�
ant. An ex
eption is also seen in the 
ase of minimum bias events, where a
tuallyremoving the beam spot 
onstraint redu
es the vertex re
onstru
tion ine�
ien
y: this is mostprobably due to the fa
t that badly re
onstru
ted tra
ks, whi
h are parti
ularly frequent inthe low pT region whi
h 
hara
terises minimum bias events, are not anymore dis
arded if theyare in
ompatible with the beam spot 
onstraint.In the 
ase no beam spot 
onstraint is applied, the resolution is only slightly degraded inthe longitudinal dire
tion, but it is signi�
antly worse in the transverse plane, where the widthof the residual distribution both in the x and y dire
tions now a

ounts only for the intrinsi
vertex resolution. This is parti
ularly evident in H → γγ and in minimum bias events,where the resulting transverse 
ore resolution in the 
ase of the adaptive multi-vertex �nderis ≈ 20 µm and ≈ 45 µm, respe
tively, signi�
antly worse than the expe
ted nominal beamspot transverse size of ≈ 15 µm. The distributions of un
ertainties on the vertex positionsas estimated during the �t, both in the longitudinal and transverse dire
tions, are shown inFig. 5.11, for the adaptive multi-vertex �nder and all 
onsidered physi
s samples.5.5.4 Vertex re
onstru
tion performan
e in the presen
e of pile-upIn the presen
e of pile-up the performan
e of the primary vertex re
onstru
tion algorithms isexpe
ted to be degraded, due to mainly two reasons, as was already introdu
ed in Se
tion 5.2:

• The signal vertex and the additional pile-up verti
es, on
e their typi
al vertex re
on-
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H → γγOutliers σz σx RMSz RMSxMulti-Vertex Finder 0.5% 49.2 µm 21.8 µm 74.5 µm 22.1 µmSequential Vertex Finder 7.6% 62.2 µm 27.6 µm 122.8 µm 23.8 µmDefault vertex �nder 7.2% 61.4 µm 27.0 µm 120.7 µm 23.6 µm

tt̄Outliers σz σx RMSz RMSxMulti-Vertex Finder 0.2% 31.8 µm 10.6 µm 41.7 µm 15.1 µmSequential Vertex Finder 3.8% 46.0 µm 17.1 µm 101.5 µm 20.8 µmDefault vertex �nder 3.7% 45.2 µm 16.4 µm 100.3 µm 20.5 µm

WH(→ lνuū)Outliers σz σx RMSz RMSxMulti-Vertex Finder 0.1% 33.8 µm 9.6 µm 44.7 µm 14.0 µmSequential Vertex Finder 4.3% 43.0 µm 12.6 µm 99.0 µm 18.1 µmDefault vertex �nder 4.2% 42.3 µm 11.6 µm 97.2 µm 17.4 µm

WH(→ lνbb̄)Outliers σz σx RMSz RMSxMulti-Vertex Finder 0.5% 41.6 µm 15.1 µm 58.1 µm 19.0 µmAdaptive Vertex Finder 0.1% 40.1 µm 10.7 µm 51.7 µm 12.0 µmSequential Vertex Finder 5.1% 57.7 µm 23.1 µm 113.6 µm 22.7 µmDefault vertex �nder 4.9% 56.5 µm 22.1 µm 111.6 µm 22.4 µmminimum biasOutliers σz σx RMSz RMSxMulti-Vertex Finder 4.8% 80.7 µm 42.4 µm 137.1 µm 26.3 µmSequential Vertex Finder 12.3% 100.5 µm 51.9 µm 161.5 µm 27.1 µmDefault vertex �nder 10.9% 98.5 µm 49.5 µm 158.2 µm 27.0 µm

WH → bb̄ at high pTOutliers σz σx RMSz RMSxMulti-Vertex Finder 0.7% 35.7 µm 14.1 µm 46.9 µm 17.1 µmSequential Vertex Finder 3.9% 52.5 µm 20.0 µm 100.2 µm 22.6 µmDefault vertex �nder 3.7% 52.9 µm 20.8 µm 100.1 µm 21.8 µmTable 5.6: Algorithmi
 performan
e of the various di�erent vertex �nders on di�erent physi
s events samples,in the 
ase of not applying the beam spot 
onstraint and without 
ontamination from pile-up events: thefra
tion of outliers, the 
ore resolution (σ) and average squared mean (RMS) of the residuals distributions arelisted separately for the x and z dire
tions.stru
tion resolutions and the 
onstraint provided by the beam spot are 
onsidered, areessentially overlaid on top of ea
h other in the transverse plane and spread a
ross thelongitudinal beam spot size. The primary vertex re
onstru
tion algorithm needs toseparate them e�
iently by distinguishing the single vertex positions along the z axis.Primary verti
es from signal and pile-up intera
tions 
an o

asionally overlap, makingthe distin
tion di�
ult. As a result, the signal vertex 
an be 
ontaminated by tra
ksfrom pile-up verti
es or, mu
h more rarely, if the signal vertex has very few tra
kswith low transverse momenta, the signal vertex may be lost 
ompletely, its tra
ks beingatta
hed to a nearby lying pile-up vertex.
• On
e the primary verti
es both from signal and pile-up events have been re
onstru
ted,the signal vertex needs to be identi�ed among these (vertex sele
tion). This 
an be againproblemati
 for a signal vertex with very few tra
ks with low transverse momenta.In the following the sele
tion of the signal vertex 
andidate out of the re
onstru
ted primaryverti
es is based on the ∑Ntrk

i=1 p2
T,i 
riterion de�ned in Se
tion 5.4.5.Using the pile-up samples listed in Table 5.1, the primary vertex re
onstru
tion perfor-man
e was evaluated and the results are summarised in Table 5.7. The �rst one presents the
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L = 1033 cm−2s−1 with ∆tBC = 75 ns, < Npu > = 6.9

tt̄Lost Misid. Outliers 〈ntrk〉PU σz σx RMSzMulti-Vertex Finder 0.2% 0.5% 0.3% 0.7 32.2 µm 8.8 µm 38.7 µmSequential Vertex Finder 0.5% 3.0% 3.1% 0.6 35.1 µm 9.5 µm 60.7 µmDefault vertex �nder 0.5% 2.8% 2.8% 0.6 35.3 µm 9.4 µm 60.7 µm

WH(→ lνuū)Lost Misid. Outliers 〈ntrk〉PU σz σx RMSzMulti-Vertex Finder 0.5% 1.6% 1.4% 0.7 33.5 µm 8.0 µm 45.0 µmSequential Vertex Finder 0.9% 5.4% 5.4% 0.6 37.0 µm 8.5 µm 68.2 µmDefault vertex �nder 0.9% 5.0% 4.9% 0.6 36.5 µm 8.4 µm 67.4 µm

WH(→ lνbb̄)Lost Misid. Outliers 〈ntrk〉PU σz σx RMSzMulti-Vertex Finder 0.7% 4.0% 3.8% 0.6 41.8 µm 10.4 µm 55.3 µmSequential Vertex Finder 1.0% 11.0% 11.2% 0.5 43.6 µm 10.7 µm 79.3 µmDefault vertex �nder 1.0% 9.5% 9.7% 0.5 44.0 µm 10.5 µm 78.1 µm

L = 2 × 1033 cm−2s−1 with ∆tBC = 25 ns, < Npu > = 4.6
H → γγLost Misid. Outliers 〈ntrk〉PU σz σx RMSzMulti-Vertex Finder 1.4% 24.0% 24.0% 0.5 47.0 µm 11.6 µm 70.8 µmSequential Vertex Finder 1.7% 28.1% 28.4% 0.4 50.5 µm 11.9 µm 94.1 µmDefault vertex �nder 1.7% 27.4% 27.7% 0.4 50.3 µm 11.9 µm 93.2 µm

L = 9.7 × 1031 cm−2s−1 with ∆tBC = 450 ns, < Npu > = 4.0
tt̄Lost Misid. Outliers 〈ntrk〉PU σz σx RMSzMulti-Vertex Finder 0.1% 0.3% 0.2% 0.3 31.0 µm 8.8 µm 37.8 µmSequential Vertex Finder 0.2% 1.6% 1.7% 0.2 34.1 µm 9.3 µm 54.8 µmDefault vertex �nder 0.2% 1.4% 1.5% 0.2 33.9 µm 9.2 µm 54.4 µm

WH(→ lνuū)Lost Misid. Outliers 〈ntrk〉PU σz σx RMSzMulti-Vertex Finder 0.2% 0.9% 0.9% 0.2 33.5 µm 8.1 µm 44.2 µmSequential Vertex Finder 0.4% 3.0% 3.2% 0.2 36.5 µm 8.4 µm 61.5 µmDefault vertex �nder 0.4% 2.7% 2.9% 0.2 36.5 µm 8.2 µm 60.5 µm

WH(→ lνbb̄)Lost Misid. Outliers 〈ntrk〉PU σz σx RMSzMulti-Vertex Finder 0.3% 2.6% 2.6% 0.2 40.9 µm 10.5 µm 55.3 µmSequential Vertex Finder 0.4% 7.2% 7.7% 0.2 43.7 µm 10.5 µm 75.4 µmDefault vertex �nder 0.4% 5.8% 6.4% 0.2 43.5 µm 10.5 µm 73.9 µm

H → γγMisid. Lost Outliers 〈ntrk〉PU σz σx RMSzMulti-Vertex Finder 0.8% 21.5% 22.1% 0.2 47.5 µm 11.4 µm 70.2 µmSequential Vertex Finder 0.9% 24.6% 25.3% 0.2 49.8 µm 11.7 µm 89.8 µmDefault vertex �nder 0.9% 24.0% 24.7% 0.2 49.9 µm 11.7 µm 88.7 µmTable 5.7: Performan
e of the primary vertex �nders in the presen
e of di�erent levels of pile-up 
ontam-ination. Shown are the fra
tion of misidenti�ed verti
es (Misid.), the fra
tion of not 
orre
tly re
onstru
tedverti
es (Lost), the fra
tion of outliers (Outliers), the average number of tra
ks from pile-up (〈ntrk〉PU ) andthe 
ore resolutions (σ) and the RMS of the vertex residual distributions along the z and x axes. Thesequantities are explained in the text.
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Figure 5.11: Estimated error on the vertex position along the z (left) and x (right) axis, obtained runningthe adaptive multi-vertex �nder without beam spot 
onstraint on various kinds of physi
s events.performan
e expe
ted at around the luminosity for the �rst physi
s run, after end of dete
-tor 
ommissioning (L ≈ 1033 cm−2s−1), while the se
ond presents the pile-up 
ontaminationwhi
h might be expe
ted relatively early during the 
ommissioning of the LHC ma
hine andof the ATLAS dete
tor (L ≈ 1032 cm−2s−1). However, due to the di�erent bun
h 
rossingspa
ing, all the 
ases 
onsidered result in a similar number of in-time additional intera
tionsfrom pile-up events (4 − 6.9) and thus in very similar degradations of the primary vertexperforman
e.Two 
riteria are de�ned in order to evaluate if a re
onstru
ted primary vertex stems fromthe signal pro
ess of interest:
• purity based : at least 50% of the re
onstru
ted tra
ks asso
iated with the primary vertexare required to originate, at truth level, from tra
ks produ
ed in the hard s
atteringpro
ess;
• geometri
al : the re
onstru
ted vertex is required to be inside a window of 0.5 mm in zdire
tion with respe
t to the simulated vertex position.Based on the purity based de�nition, two quantities are de�ned to estimate the vertexre
onstru
tion and identi�
ation performan
e:
• The fra
tion of misidenti�ed signal verti
es (Misid.): the fra
tion of events where thesignal vertex was either not 
orre
tly re
onstru
ted or not 
orre
tly sele
ted.
• The fra
tion of lost verti
es (Lost): the fra
tion of events where the signal vertex was not
orre
tly re
onstru
ted, so that it does not appear in the list of re
onstru
ted primaryverti
es.Based on the geometri
al de�nition, an additional quantity is de�ned:
• Fra
tion of outliers (Outliers): fra
tion of events where the signal vertex 
andidate isnot inside a window of 0.5 mm in the z dire
tion with respe
t to the simulated vertexposition.
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onstru
tion of the primary intera
tion vertexThis quantity is analogous to the fra
tion of misidenti�ed verti
es (Misid.), but is based onthe geometri
al, rather than on the purity based, de�nition for asso
iating the re
onstru
tedvertex to the true signal vertex10.Finally, the average number of tra
ks stemming from pile-up events 
ontaminating thesignal vertex (< ntrk >) is also 
onsidered.Con
entrating on the results for L ≈ 1033 cm−2s−1, it 
an be seen that the fra
tion of lostverti
es is lowest on tt̄ event (0.2-0.5%), a bit higher on WH events (0.5-1%) and higheston H → γγ events (1.4-1.7%). Comparing Table 5.4 and Table 5.7, it 
an be seen thatthe resolutions (both 
ore resolutions and RMS of residual distributions) are only slightlydegraded by the 
onsidered level of pile-up. This is 
on�rmed by the average number oftra
ks from pile-up events 
ontaminating the signal vertex (〈ntrk〉PU ), whi
h is around 0.5-0.7. The performan
e numbers shown in Table 5.7 for the 
ase of L ≈ 1032 cm−2s−1 
an beinterpreted along the same lines, with a more moderate misidenti�
ation rate due to the lowernumber of in-time additional intera
tions from pile-up.As a �rst 
on
lusion, levels of pile-up 
orresponding to at most 6.9 additional in-timeintera
tions, as 
onsidered in this study, result in very small degradations of the vertexingresolution and in an intrinsi
 vertex ine�
ien
y (
orresponding to lost verti
es) of 0.2-1.4%,depending on the sample and instantaneous luminosity. Apart from this intrinsi
 loss inperforman
e, the most important degradation depends on the eventual inability to sele
t thesignal vertex out of the re
onstru
ted verti
es, whi
h depends very strongly on the kind ofphysi
s event 
onsidered.5.5.5 Sele
tion of the signal primary vertexThe result of applying the default ∑ p2
T vertex sele
tion 
riterion introdu
ed in Se
tion 5.4.5on the vertex 
andidates re
onstru
ted by the adaptive multi-vertex �nder in various kinds ofphysi
s events, in the presen
e of low luminosity pile-up, is summarised in Table 5.8. The twovariables used to estimate the signal identi�
ation performan
e are the signal misidenti�
ationrate (Misid.) and the fra
tion of outliers (Outliers), as already introdu
ed in Se
tion 5.5.4.The misidenti�
ation rate with 6.9 additional in-time intera
tions from pile-up is around 0.5%on tt̄ events, below 2% on WH(→ lνuū) and around 4% for WH(→ lνbb̄) events. In the 
aseof H → γγ, with 4.6 additional in-time intera
tions from pile-up, quite a high misidenti�
ationrate of ≈ 24% is seen.The identi�
ation of the 
orre
t primary vertex is 
ru
ial in many studies and the sele
tionof the wrong one will result - in many 
ases - in 
ompletely losing the 
orresponding fra
tionof events, thus typi
ally redu
ing the signal sele
tion e�
ien
y for the physi
s pro
ess ofinterest, whi
h is 
learly highly undesirable. In the 
ase of the tt̄ pro
ess under 
onsideration,where the top quarks do not both de
ay hadroni
ally, and in the 
ase of the WH(→ lνbb̄)pro
ess, these events are expe
ted to be 
olle
ted by the on-line trigger a
quisition system byrequiring a lepton to be present in the event, above a 
ertain pT threshold (for illustrationa value of 10 GeV is 
hosen). The in�uen
e of requiring a lepton with pT > 10 GeV tobe present in the event and to be asso
iated with any of the re
onstru
ted primary verti
eson the signal identi�
ation ine�
ien
y is shown in Table 5.9: the misidenti�
ation rate isessentially redu
ed to the intrinsi
 loss in vertexing re
onstru
tion e�
ien
y, whi
h is as lowas 0.2-0.3%. The eventual ine�
ien
y due to lepton 
andidates not being asso
iated to any ofthe re
onstru
ted primary verti
es is not 
onsidered here: however, these are mainly due to10The geometri
al de�nition does not 
onsider the e�e
t of pile-up verti
es whi
h by 
han
e happen to be
lose to the signal vertex and therefore it might slightly underestimate the real fra
tion of misidenti�edsignal verti
es.
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L = 1033 cm−2s−1 with ∆tBC = 75 ns, < Npu > = 6.9Sample Misid. Outliers

tt̄ (0.5 ± 0.0)% (0.3 ± 0.0)%
WH(→ lνuū) (1.7 ± 0.0)% (1.4 ± 0.0)%
WH(→ lνbb̄) (4.1 ± 0.1)% (3.9 ± 0.1)%
L = 2 × 1033 cm−2s−1 with ∆tBC = 25 ns, < Npu > = 4.6Sample Misid. Outliers

H → γγ (24.0 ± 0.1)% (24.0 ± 0.1)%Table 5.8: Result of applying the P

p2
T sele
tion 
riterion to identify the signal vertex in the presen
e oflow luminosity pile-up, on various di�erent physi
s samples, and based on the verti
es re
onstru
ted by theadaptive multi-vertex �nding algorithm. Listed are the fra
tion of misidenti�ed verti
es (Misid.) and thefra
tion of outliers (Outliers), a

ording to the de�nitions introdu
ed in Se
tion 5.5.4.badly re
onstru
ted lepton tra
ks (mostly ele
trons) and their asso
iation to one of the foundprimary verti
es 
an be addressed by a dedi
ated pro
edure.

L = 1033 cm−2s−1 with ∆tBC = 75 ns, < Npu > = 6.9
tt̄Sample Misid. Outliers

tt̄ (0.2 ± 0.0)% (0.1 ± 0.0)%
WH(→ lνuū) (0.3 ± 0.0)% (0.1 ± 0.0)%
WH(→ lνbb̄) (0.3 ± 0.0)% (0.1 ± 0.0)%Table 5.9: Same as Table 5.8, but the signal identi�
ation performan
e is evaluated after requiring one leptonwith pT >10 GeV to be asso
iated with any of the re
onstru
ted primary verti
es.It 
an be therefore 
on
luded that the loss in signal e�
ien
y due to pile-up with up to 6.9in-time overlaid intera
tions from pile-up is expe
ted to be as low as 0.2-0.3% in events witha lepton with transverse momentum above 10 GeV. This is an important result for the studyof WH(→ lνbb̄) whi
h will be presented later in the 
ourse of the present thesis.The 
ase of H → γγ is a bit more 
omplex. If the primary vertex is misidenti�ed, the eventis not lost, but the mass resolution of the di-photon pair is signi�
antly degraded. The primaryvertex position is used to 
orre
t the dire
tion of the photon momenta as re
onstru
ted inthe 
alorimeter, whi
h are otherwise 
omputed with the assumption that they originate inthe 
entre of the ATLAS referen
e frame (0, 0, 0): however, due to the spread in z of theintera
tion region, the real primary vertex position 
an be signi�
antly displa
ed with respe
tto z = 0 and this results in a signi�
ant bias on the polar dire
tion of the photon momenta.The present study shows that the wrong primary vertex will be pi
ked up in 24% of the 
asesin the nominal low luminosity running s
enario. Even if this is outside the s
ope of a generalvertexing algorithm, sin
e, as quoted in Table 5.7, most of the signal verti
es are 
orre
tlyre
onstru
ted but not 
orre
tly sele
ted (the fra
tion of lost verti
es is below 1.5%), there aretwo more handles whi
h 
an be used to sele
t the 
orre
t signal vertex:

• In above 50% of the events a photon 
onverts into an e+e−. Conversion 
andidates
an be extrapolated to the beam line and used to sele
t the 
orre
t primary vertex
andidate.
• The position of the energy deposits of the photons in the various layers of the ATLAS
alorimeter 
an be 
ombined and used to 
onstrain the z position of the signal primary
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onstru
tion of the primary intera
tion vertexvertex. The a
hievable resolution is only ≈ 17 mm, varying signi�
antly a

ording to thephoton pseudo-rapidity, but is usually su�
ient to sele
t the 
orre
t vertex 
andidateout of the two or three most signal like ones.Combining all these sele
tion 
riteria, a signi�
ant de
rease of the signal misidenti�
ation rate
an be obtained, 
orresponding to an improvement of the Higgs invariant mass resolution andthus of the dis
overy potential of a Higgs boson in the low mass region in the H → γγ 
hannel(see Ref. [44℄ for more details).5.5.6 Number of verti
es as a measure of instantaneous luminosityAnother important point is how well the number of primary verti
es re
onstru
ted by thevertex �nding algorithms reprodu
es the total number of signal plus pile-up verti
es. On
ethe bun
h 
rossing spa
ing is de�ned, the instantaneous luminosity is dire
tly proportional tothe average number of in-time pile-up verti
es, whi
h is expe
ted to be distributed a

ordingto a Poisson distribution, and the average number of re
onstru
ted verti
es 
ould thus providea measurement of the instantaneous luminosity. Even if at the beginning the 
ross se
tion forminimum-bias events will only be poorly known, so that this measurement will be unsuited toget a handle on the absolute instantaneous luminosity, it will still be useful to get a relativemeasure of it, with a high resolution in time, in su
h a way to be able to follow in detailthe de
reasing instantaneous luminosity of the beams of the LHC ma
hine in the 
ourse ofa single �ll. The distribution for the number of re
onstru
ted verti
es is shown in Fig. 5.12.The default vertex �nding algorithm signi�
antly overestimates the number of verti
es. Asigni�
ant amount of pile-up verti
es is being split into more than one vertex, due to the �xedwindow size in the z dire
tion (5 mm) used during the �nding when separating the tra
ks into�rst vertex 
andidates: further tuning of the window size and a re�ned 
lustering algorithmwill 
ertainly improve the situation. The adaptive multi-vertex �nder, on the other side, 
anmore a

urately reprodu
e the distribution of the number of simulated verti
es, but losessome of the pile-up verti
es. This ine�
ien
y is however expe
ted and 
ould be a

ounted forwhen 
ounting the number of verti
es.In the presen
e of no other verti
es, a pile-up event (minimum bias), as shown in Table 5.5,has a re
onstru
tion ine�
ien
y of slightly less than ≈ 10%. However, the probability of twoverti
es to overlay and thus the re
onstru
tion ine�
ien
y of pile-up verti
es is expe
ted tofurther in
rease with the number of simulated pile-up verti
es. The expe
ted distributionof number of re
onstru
ted verti
es, starting from the true distribution and 
onsidering anaverage ine�
ien
y of 15% on pile-up events, is also shown in Fig. 5.12 in the left 
olumn,and is quite 
lose to the distribution of the adaptive �nder. The agreement 
ould be furtherimproved by studying the pile-up vertex re
onstru
tion ine�
ien
y as a fun
tion of the numberof simulated verti
es and by getting a pile-up vertex ine�
ien
y 
orre
tion fa
tor as a fun
tionof the number of re
onstru
ted verti
es. An eventual measurement of the relative evolution ofthe instantaneous luminosity of this kind would take into a

ount several sour
es of systemati
errors, the most important ones being:
• the vertex re
onstru
tion ine�
ien
y in minimum bias events (as a fun
tion of vertexmultipli
ity);
• the fra
tion of signal verti
es whi
h split into more than one vertex and its dependen
eon the spe
i�
 physi
s pro
ess 
onsidered;
• the in�uen
e of tra
ks from out-of-time pile-up events.
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Figure 5.12: Number of re
onstru
ted primary verti
es per events in the presen
e of in average 6.9 in-timeadditional intera
tions from pile-up events (top row) and 4 average in-time additional intera
tions from pile-upevents (bottom row). In the left 
olumn this is shown for tt̄ events, applying various di�erent vertex �nders,while in the right 
olumn it is shown for the the multi-vertex �nder only, applied to di�erent kind of physi
sevents. In the left 
olumn the number of re
onstru
ted verti
es is also 
ompared with the number of realsimulated verti
es, with or without applying a single pile-up vertex re
onstru
tion ine�
ien
y of 15%.While a method will hopefully be found to measure the vertex re
onstru
tion e�
ien
y inminimum bias events, a detailed estimation of the 
onne
ted un
ertainty will be 
ru
ial toget an idea of the pre
ision of su
h a luminosity measurement. The se
ond point seems to befairly well under 
ontrol, sin
e, as shown in Fig. 5.10, a single hard intera
tion vertex seemsto split into two in at most 2% of the 
ases, while the fra
tion of su
h splittings is negligiblefor minimum bias verti
es. This is 
on�rmed by Fig. 5.12 (right 
olumn), whi
h shows thatthe dependen
e on the number of re
onstru
ted verti
es on the kind of hard physi
s event
onsidered is small. The use of single-tra
k verti
es and of dedi
ated tra
king algorithmsto re
onstru
t tra
ks with transverse momenta as low as 150 MeV will further in
rease thepile-up vertex re
onstru
tion e�
ien
y, however a detailed study is needed to understand ifalso the amount of wrongly re
onstru
ted or split verti
es would in
rease in this 
ase.



96 5 Re
onstru
tion of the primary intera
tion vertex5.5.7 Improvement of tra
k momenta resolution using vertex 
onstraintAn interesting feature of a vertex �t is the possibility to improve the estimation of the helixparameters of a 
harged parti
le tra
k asso
iated to a vertex under the hypothesis that thetra
k has its real geometri
al origin in that vertex. In the 
ase of a Kalman �lter (Se
tion 5.3.2)this is a
hieved during the smoothing phase. The improvement a
hievable by using the vertex
onstraint is illustrated for tt̄ physi
s events in Fig. 5.13, where the dire
tion of the tra
k atthe vertex is 
ompared to its true dire
tion by using Monte Carlo information, before andafter smoothing is applied.The improvement is very signi�
ant for low pT tra
ks (e.g. for pT below 5 GeV the reso-lution on the tra
k dire
tion 
an be improved by a fa
tor of 3) and tends to be
ome mu
hsmaller for high pT tra
ks (e.g. for tra
ks with pT above 20 GeV the improvement in the 
oreresolution is around 30% for the azimuthal dire
tion and very roughly a fa
tor of 2 in thepolar dire
tion, and the improvement in the tails is even smaller). The a
hievable relativeimprovement depends on how signi�
antly the tra
k 
ontributes to the vertex �t with respe
tto the remaining tra
ks asso
iated to the same vertex. In 
ase a tra
k with pT > 20 GeV is
onsidered (whi
h, in tt̄ events, is most likely a prompt lepton from the leptoni
 de
ay of oneof the two W bosons), this tra
k is already expe
ted to nearly dominate the primary vertex�t, so the knowledge 
oming from the other tra
ks 
an more hardly further improve the result.While the appli
ation of the vertex 
onstraint is also useful for low pT physi
s, one of themost interesting appli
ations is the improvement of the invariant mass resolution of leptonpairs originating from weak boson de
ays. This is the 
ase for example for the de
ay of
Z → ℓℓ or, even more important, the de
ay of H → ZZ(∗) → 4ℓ, where a good invariant massresolution is 
ru
ial to extra
t the Higgs signal out of the 4ℓ 
ontinuum ZZ(∗) ba
kground.In this 
ase the primary vertex �t is expe
ted to be dominated by four high pT leptons:when applying the vertex 
onstraint on ea
h of the four tra
ks, the additional knowledge
oming from the remaining high pT tra
ks is used and an improvement in the resolution oftra
k momenta 
an be obtained. For this reason the adaptive vertex �tter has been re
entlyapplied also to the H → 4ℓ analysis [44℄.
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Figure 5.13: Resolution on the azimuthal (left 
olumn) and polar (right 
olumn) dire
tion of tra
ks, beforeand after smoothing, for various ranges of transverse tra
k momenta, evaluated in tt̄ events with pile-up
orresponding to L = 1033 cm−2s−1 instantaneous luminosity and ∆tBC = 75 ns.



6 Identi�
ation of b-quark jets6.1 MotivationThe identi�
ation of jets originating from bottom-quarks (denoted as b-tagging in the fol-lowing) is an important ingredient for the high pT physi
s program planned for the ATLASexperiment, sin
e many interesting physi
s pro
esses 
ontain bottom-quarks in the �nal state,while the most abundant ba
kgrounds 
ontain mostly up, down and strange quark or gluonjets or, in a smaller fra
tion of 
ases, 
harm quark jets. The reason for this interest is that
b-quarks are the heaviest quarks in the Standard Model whi
h still form hadrons before un-dergoing a weak de
ay, 
ontrary to what happens for top quarks, the heaviest quarks in theStandard Model, whi
h 
an be dete
ted only indire
tly by analysing their de
ay produ
ts (inmost of the 
ases, sin
e |Vtb| ≈ 1, again a bottom quark and an additional W boson).The aim of b-tagging is therefore to extra
t the b-quark jets with high e�
ien
y, whilereje
ting most of the ba
kground 
ontamination from jets originating from the fragmentationof light (u, d and s) quarks, gluons and c-quarks.From the physi
s point of view the hadronization of b-quarks has several unique properties,whi
h 
an be exploited by b-tagging. A b-quark, on
e produ
ed, fragments ne
essarily into a
b-�avoured hadron, sin
e strong intera
tions are �avour blind. This is, in most of the 
ases(≈ 87%), �rst an ex
ited b-hadron, like a B∗ or a B∗∗, whi
h de
ays immediately, strongly orele
tromagneti
ally, into a ground state b-hadron plus one or more further parti
les, while inthe remaining 
ases, a ground state b-hadron is produ
ed dire
tly. From an experimentalistperspe
tive, one is however only interested in the transition from a b-quark into the �nalground state b-hadron, sin
e the times
ale typi
al for ele
tromagneti
 and strong intera
tionsis so small that the B∗, B∗∗ de
ay verti
es are not signi�
antly displa
ed with respe
t to theprimary vertex. The various di�erent fra
tions of ground state b-hadrons produ
ed out of thefragmentation of an original b-quark are presented in Table 6.1. In most of the 
ases (≈ 91%)a B-meson is produ
ed.

b-hadron Bran
hing fra
tion (Γi/Γ)
B+ (40.0 ± 1.2)%

B0 (40.0 ± 1.2)%

B0
S (11.4 ± 2.1)%

b-baryon (8.6 ± 2.1)%Table 6.1: Bran
hing fra
tion of b-hadrons produ
ed out of the fragmentation of b-quarks. Taken fromRef. [71℄.The fragmentation fun
tion des
ribes the distribution of the fra
tion of energy of the original
b-quark whi
h is kept by the b-hadron. Due to the b-quark fragmentation fun
tion being veryhard, most of the original b-quark energy is transmitted to the �nal b-hadron: this fra
tionis for example on average ≈ 70% for b-quarks with a momentum of ≈ 45 GeV. This property
an be exploited during b-tagging, sin
e the fragmentation fun
tion for light-quarks into lighthadrons or c-quarks into c-hadrons is softer.Any of the �nally produ
ed b-hadrons de
ay through weak intera
tions and therefore have a98
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ant lifetime, whi
h is on average, for all b-hadrons 
onsidered, (1.568±0.009)×10−12s.The e�e
tive distan
e travelled in the dete
tor by the b-hadron before de
aying depends onthe b-hadron momentum, whi
h enters the relativisti
 boost fa
tor βγ. This means thata b-quark with a momentum of 50 GeV will travel around 3 mm, whi
h is a visible �ightlength in the dete
tor. Due to the 
ombination of the b-hadron lifetime and relatively highmass (mB ≈ 5.28 GeV), whi
h results in a non-negligible de
ay angle of the b-hadron de
ayprodu
ts with respe
t to the b-hadron �ight dire
tion, the 
harged parti
les produ
ed at thede
ay vertex will be on average signi�
antly displa
ed with respe
t to the primary vertexposition.This is the main signature whi
h is exploited by the lifetime based b-tagging algorithms,whi
h are based either on the presen
e of signi�
antly displa
ed tra
ks, as in impa
t parameterbased b-tagging algorithms, or on the expli
it re
onstru
tion of the b-hadron de
ay vertex, asin se
ondary vertex based b-tagging algorithms.Weak de
ays are governed by the CKM matrix me
hanism [72, 73℄: sin
e |Vcb|2 ≫ |Vub|2,
b-hadrons de
ay preferably into a c-hadron plus additional parti
les. These c-hadrons 
an beagain ex
ited states, like D∗ or D∗∗, but these again de
ay with negligible lifetime to weaklyde
aying c-hadrons. The fra
tions of b-de
ays where various di�erent kinds of c-hadrons areprodu
ed are shown in Table 6.2: they 
learly show that in most of the 
ases at least one
c-hadron is produ
ed out of the de
ay of the b-hadron. The lifetime of a c-hadron, as shownin the same table, is not mu
h lower than for b-hadrons, but in general the momentum of the
c-hadron will be lower than the original b-hadron momentum. However, the c-hadron 
an stilltravel for a signi�
ant path in the dete
tor and form with its de
ay produ
ts a visible tertiaryvertex, displa
ed with respe
t to both se
ondary and primary verti
es.

c-hadron Bran
hing fra
tion (Γi/Γ) D-meson lifetime (τ )
B → D± anything (23.3 ± 1.3)% (1.040 ± 0.007) × 10−12 s

B → D0/D̄0 anything (62.2 ± 2.9)% (0.4101 ± 0.0015) × 10−12 s
B → D±

S anything (22.5 ± 1.5)% (0.500 ± 0.007) × 10−12 sTable 6.2: Main in
lusive B-meson de
ay modes with 
harm mesons in the �nal state. Taken from Ref. [71℄.There are several possible strategies to deal with su
h tertiary verti
es from c-hadron de-
ays. In the 
ase of b-tagging algorithms based purely on impa
t parameter informationfrom the 
harged parti
le tra
ks, the presen
e of tra
ks with a more signi�
ant displa
ementdoes not require an expli
it strategy: these tra
ks will in general just improve the b-taggingperforman
e. Their presen
e is taken into a

ount when the algorithm is 
alibrated usingMonte Carlo simulated events or, later, as soon as the amount of 
olle
ted data will allow it,using dire
tly data. In the 
ase of a se
ondary vertex based b-tagging algorithm, the more
onventional approa
h is to try to �nd a single in
lusive se
ondary vertex, whi
h will resultin a weighted average of the b- and one or more c-hadron vertex positions: this approa
h isreasonable, sin
e in most of the 
ases either the resolution of the tra
ks or the de
ay vertexmultipli
ities at su
h verti
es do not allow to separate them e�
iently. An alternative ap-proa
h whi
h instead tries to resolve the two b- and c-hadron de
ay verti
es, but at the sametime uses a kinemati
 
onstraint to try to over
ome both the problem of the limited de
aymultipli
ities and of the limited tra
k resolutions, was developed in the 
ourse of this thesisand will be des
ribed in detail later.Another property whi
h is usually exploited by b-tagging is the fra
tion of b- and c-hadronde
ays into leptons: a lepton from the semi-leptoni
 de
ay of a b-hadron (b → ℓ) or from thesubsequent c-hadron de
ay (b → c → ℓ) turns out to be produ
ed in a b-quark in ≈ 21% of
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ation of b-quark jetsthe 
ases: the fra
tion of b → ℓ de
ays is ≈ 11%, while the fra
tion of b → c → ℓ de
ays is
≈ 10%. This is valid both in 
ase the lepton is an ele
tron (ℓ = e) or a muon (ℓ = µ), whi
hbrings the overall fra
tion of b-quarks ending up into a lepton to ≈ 42%. Due to the b- or
c-hadron mass, the lepton will be emitted with an average transverse momentum 
omparablewith mb-had or mc-had. By identifying either an ele
tron or a muon originating from a jetand by requiring it to have a su�
iently high transverse momentum with respe
t to the jetaxis (whi
h usually yields a reasonable approximation of the b- and c-hadron dire
tions),it is possible to identify b-jets, reje
ting light jets, where leptons are expe
ted mainly fromthe in-�ight de
ay of 
harged pions and kaons, from Dalitz de
ays of neutral pions, from
γ-
onversions or from misidenti�ed leptons.6.2 Sele
tion and asso
iation of tra
ks to jetsIn ATLAS the b-tagging algorithms rely on the jets as re
onstru
ted by a jet algorithm.The re
onstru
tion of jets, as introdu
ed in Se
tion 4.3, is intended to mat
h the �nal state
olourless hadrons re
onstru
ted as energy deposits in the 
alorimeters to the 
olour-
onne
tedparton level des
ription of the physi
s pro
ess of interest. Independently on the 
hosen jetalgorithm, the jet re
onstru
tion returns a well de�ned set of four momenta, whi
h give a
ertain representation of the set of partons in the hard s
attering event.The b-tagging algorithm then takes as input the three-momenta of these jets and triesto address the question whether they originated or not from a b-quark. In parti
ular thejet dire
tion is used to asso
iate the 
harged parti
les re
onstru
ted as tra
ks in the innerdete
tor to the jet. Sin
e the 2 Tesla solenoidal magneti
 �eld of the ATLAS inner dete
torbends 
harged parti
les in the transverse plane, in parti
ular in the 
ase of low pT tra
ks, thetra
ks are best mat
hed to the jet by using their momenta at the point of 
losest approa
hto the intera
tion region. If ~pjet is the jet momentum and ~ptrk is the tra
k momentum, the
riterion for asso
iating 
harged parti
le tra
ks to jets is simply:

∆R(~pjet, ~ptrk) < ∆Rcut,where usually a value of ∆Rcut = 0.4 is used, independently on the parameters used for jet
lustering. Some studies have been performed in ATLAS, where it has been demonstratedthat making the ∆Rcut dependent on pT,jet, the performan
e 
an be improved, but typi
allyonly in the 
ase of signi�
ant 
ontamination of light quark jets in the presen
e of 
lose lying
b-quark jets [44℄.After the tra
ks are asso
iated to the jets, they are �ltered in order to remove tra
ks with badquality or whi
h 
an easily erroneously be identi�ed as se
ondary tra
ks from b-de
ays. Thesein
lude tra
ks originating from de
ays of even longer lived parti
les, like K0

S (cτ ≈ 2.69 
m)and Λ baryons (cτ ≈ 7.89 
m), from ele
tromagneti
 intera
tions in the dete
tor materiallike 
onversions in ele
tron-positron pairs (γ → e+e−) or from hadroni
 intera
tions with thedete
tor material, whi
h result in two or more tra
ks with high impa
t parameter.The tra
k sele
tion needs therefore to be di�erent 
ompared to the one de�ned for primaryvertex �nding in Se
tion 5.5.1. It needs to be parti
ularly tight in the 
ase of the impa
tparameter based b-tagging algorithms, sin
e in that 
ase the expli
it presen
e of a vertex isnot required, so that the in�uen
e of badly re
onstru
ted tra
ks or tra
ks from long livedparti
les or material intera
tions does dire
tly limit the intrinsi
ally a
hievable performan
e.First, to reje
t badly re
onstru
ted tra
ks, quality 
uts are applied. They are listed inTable 6.3 for both impa
t parameter and se
ondary vertex based b-tagging algorithms.In addition, for the impa
t parameter based b-tagging algorithms, the pT 
ut on the tra
ksis in
reased to pT > 1 GeV. The reason for this is that, as already explained, in a b-jet most
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iation of tra
ks to jets 101Quantity Tight sele
tion Loose sele
tionTransverse momentum pT > 1 GeV pT > 500 MeVError on transverse impa
t parameter σ(d0) < 350 µmError on longitudinal impa
t parameter σ(z0) < 2.5 mmTra
k �t quality - χ2/dof < 3.5Minimum number of b-layer hits nb−lay ≥ 1 -Minimum number of pixel dete
tor hits npix ≥ 2 npix ≥ 1Minimum number of SCT dete
tor hits - nSCT ≥ 4Minimum number of pixel+SCT dete
tor hits mpix + nSCT ≥ 7 mpix + nSCT ≥ 7Table 6.3: Sele
tion 
uts applied on tra
ks to be used as input for the impa
t parameter based (Tightsele
tion) or the se
ondary vertex based (Loose sele
tion) b-tagging algorithms.of the momentum is kept by the b-hadron, whi
h has a de
ay multipli
ity of around �ve
harged parti
les, so that on average their pT is higher than for the remaining tra
ks from thefragmentation, as shown in Fig. 6.1. It is interesting to note that, even if the fragmentationfun
tion for c-jets is on average softer than for b-jets (≈ 55% of the original c-quark energyis kept by the c-hadron, against ≈ 70% of a b-jet), the average 
harged de
ay multipli
ity fora c-hadron de
ay is ≈ 3 against ≈ 5 of a b-jet, so that the transverse momentum per tra
k islarger in c-hadrons produ
ed in c-jets than in b-hadrons produ
ed in b-jets.
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Figure 6.1: Transverse momentum of tra
ks asso
iated to light, c- and b-jets, subdivided into various di�erent
ategories a

ording to their physi
al origin, in linear (left) and logarithmi
 (right) s
ale.Sele
tion 
uts on the transverse and longitudinal impa
t parameters are 
ru
ial for b-taggingand are worth a more detailed dis
ussion. These impa
t parameters are 
omputed withrespe
t to the primary vertex, where all primary parti
les are supposed to originate from.The primary vertex is re
onstru
ted by using the adaptive multi-vertex �nding algorithm,as des
ribed in detail in Chapter 5. In pra
tise, the tra
ks are extrapolated to the point of
losest approa
h to the primary vertex in the transverse plane; their �ve helix parameters, atthis point, are de�ned as des
ribed in Se
tion 5.3.3. Then, the impa
t parameters, IPrφ and
IPz are 
omputed in the following way:

IPrφ = d0 (6.1)
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IPz = z0 sin(θ) (6.2)As 
an be most easily seen in Fig. 5.1, the longitudinal impa
t parameter, whi
h in the �gureis the distan
e of 
losest approa
h of the tra
k to the origin (primary vertex position) inthe x-z plane, is not dire
tly z0, but, approximating the tra
k around the point of 
losestapproa
h by a straight line, it 
an be obtained by multiplying z0 by sin(θ).When 
omputing impa
t parameter signi�
an
es, the errors on IPrφ and on IPz need totake into a

ount both the un
ertainty on the tra
k traje
tory and the un
ertainty on theprimary vertex. Both e�e
ts are 
onsidered, but in general the un
ertainty on the primaryvertex is small 
ompared to the traje
tory un
ertainty.
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Figure 6.2: Impa
t parameters of tra
ks asso
iated to light, c- and b-jets in the transverse (left 
olumn) andlongitudinal (right 
olumn) dire
tion, subdivided into various 
ategories a

ording to their physi
al origin, inlogarithmi
 s
ale (top row) and linear s
ale (bottom row). These distributions are obtained from a sample of
pp → WH events (with H → bb̄, uū and cc̄).The distributions for IPrφ and for IPz are shown in Fig. 6.2, for tra
ks re
onstru
ted in b-,
c- or light jets, subdivided a

ording to the physi
s pro
ess they originated from, as derivedfrom Monte Carlo information. In addition, Table 6.4 shows the relative 
omposition of tra
ks
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tion and asso
iation of tra
ks to jets 103in light, c- and b-jets in terms of the various involved physi
s pro
esses, after applying threedi�erent sele
tion 
riteria on the impa
t parameters. The impa
t parameter distributionsshows that the tra
ks originating from weakly de
aying b-hadrons have signi�
antly highertransverse and longitudinal impa
t parameters 
ompared to prompt tra
ks originating dire
tlyfrom fragmentation. Tra
ks originating from c-hadrons in c-jets have impa
t parameters onlya bit larger than prompt tra
ks and tra
ks originating from c-hadrons in b-jets, i.e. from the
b → c-hadron 
as
ade, have impa
t parameters only slightly larger than tra
ks arising dire
tlyfrom the weakly de
aying b-hadrons. If only prompt tra
ks would be present in light-jets, notra
k sele
tion 
uts would be needed in the transverse and longitudinal impa
t parametersand the impa
t parameter signi�
an
e, in both dire
tions, 
ould be used dire
tly in the b-tagging algorithm, sin
e it yields the best separation between primary and se
ondary tra
ks.Fig. 6.2 shows 
learly that the impa
t parameters of 
onversions and K0

S mesons extend tosigni�
antly higher values than for tra
ks from heavy �avour de
ays. The same holds for Λbaryons and material intera
tions, whi
h in the table are not listed expli
itly, but are in
ludedin the remaining 3% of tra
ks in light quark jets. The 
ontamination of su
h displa
ed tra
ksin light-jets, before any tra
k sele
tion is applied, is above 5%: these 
orrespond to tra
kswith high impa
t parameters and would therefore severely redu
e the b-tagging performan
e.Sele
tioninitial |IPrφ| < 7 mm, |IPz| < 10 mmloose |IPrφ| < 3.5 mm, |IPz| < 5 mmtight |IPrφ| < 1 mm, |IPz| < 1.5 mmSele
tion light-jet c-jet b-jetinitial 5.4 6.1 6.9Average tra
k multipli
ity tight 5.3 5.9 6.8loose 5.0 5.7 6.2Tra
k Sele
tion light-jet c-jet b-jetinitial 91.5 % 61.2 % 36.3 %from fragmentation loose 92.9 % 62.0 % 36.9 %tight 95.6 % 64.0 % 39.5 %initial 0.0 % 0.0 % 26.4 %from b-hadron loose 0.0 % 0.0 % 26.8 %tight 0.0 % 0.0 % 27.1 %initial 0.1 % 30.3 % 28.6 %from c-hadron loose 0.1 % 30.8 % 29.0 %tight 0.1 % 31.7 % 28.6 %initial 1.7 % 2.0 % 1.9 %from KS loose 1.2 % 1.5 % 1.4 %tight 0.5 % 0.6 % 0.6 %initial 3.9 % 4.0 % 3.7 %from 
onversion loose 3.7 % 3.8 % 3.5 %tight 2.5 % 2.5 % 2.2 %initial 2.8 % 2.5 % 3.1 %other loose 2.1 % 1.9 % 2.6 %tight 1.3 % 1.2 % 2.0 %Table 6.4: Average tra
k multipli
ity and relative 
ontribution of tra
ks originating from di�erent physi
spro
esses in light, c- and b-quark jets, after either initial, loose or tight sele
tion 
uts on the impa
t parameters
d0 and z0 · sin(θ) have been applied. The values are normalised respe
tively to the overall number of tra
ks inlight, c- and b-jets. The quality tra
k sele
tion 
riteria in the Loose version have already been applied in all
ases. These numbers are obtained from a sample of pp → WH events (with H → bb̄, uū and cc̄).The solution adopted is to sele
t only tra
ks with transverse impa
t parameter |d0| < 1 mmand longitudinal impa
t parameter |z0 · sin(θ)| < 1.5 mm: the physi
s motivation for this 
ut
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ation of b-quark jetsis that the average impa
t parameter depends nearly only on the lifetime of the de
ayingparti
le, sin
e it is - up to a good approximation - independent on its Lorentz boost. A higher�ight length (proportional to βγ) is 
ompensated by a smaller de
ay angle (proportional tothe inverse of βγ), so that the two e�e
ts nearly 
an
el ea
h other. The e�e
t of applyingthis 
ut is illustrated in Table 6.4 (tight sele
tion): the relative amount of tra
ks from longlived parti
les, 
onversions and material intera
tions is signi�
antly de
reased, while around
≈ 91% of the tra
ks from weakly de
aying b- and c-hadron verti
es are kept. In the 
ase ofthe se
ondary vertex based b-tagging algorithms a mu
h looser sele
tion is applied, 
uttingat |d0| < 3.5 mm and |z0 · sin(θ)| < 5 mm: the e�
ien
y and resulting 
omposition isshown in Table 6.4 (loose sele
tion). Nearly all tra
ks from b- and c−hadron de
ays arekept (≈ 99.9%), at the 
ost of keeping also most of the long lived parti
les, 
onversions andhadroni
 intera
tions whose de
ay vertex are su�
iently 
lose to the primary vertex. Thisis however desired, sin
e the verti
es 
orresponding to 
onversions, long lived parti
les andhadroni
 intera
tions 
an, in many 
ases, be expli
itly re
onstru
ted.An interesting feature to note in Fig. 6.2 is the di�erent behaviour of tra
ks from 
onversionsand from K0

S de
ays for the transverse and longitudinal impa
t parameters. Due to the
onverting photons being massless, the tra
ks from 
onversions are emitted at zero openingangle with respe
t to the original photon dire
tion: while in the transverse plane the ele
trontra
ks are bent by the magneti
 �eld and result in a high impa
t parameter, in the longitudinalplane the tra
ks are nearly 
ompatible with originating dire
tly from the primary vertex, withsome tails due to late 
onversions and ele
tron bremsstrahlung. Opposite to that, 
hargedparti
le tra
ks from K0
S meson de
ays, due to their mass of around 500 MeV, are emitted withnon-zero opening angle and are therefore 
hara
terised by a signi�
ant impa
t parameterboth in the longitudinal and transverse dire
tions. In the 
ase of 
onversions, this feature
an be used in the impa
t parameter based b-tagging algorithms as an additional handle todis
riminate against 
onversions.6.3 Impa
t parameter based b-tagging algorithmsIf long lived parti
les, 
onversions and hadroni
 intera
tions are not 
onsidered, the bestdis
rimination between prompt tra
ks and displa
ed tra
ks from b- and c-hadron de
ays 
anbe obtained by using the impa
t parameter signi�
an
e both in the transverse plane andlongitudinal dire
tion (IPrφ and IPz divided by their respe
tive errors).In order to in
rease the dis
riminating power of the impa
t parameter signi�
an
e, a lifetimesign is assigned to these variables (repla
ing the sign of the geometri
al de�nition of the impa
tparameter): the lifetime sign is positive if the tra
k is more likely to interse
t the �ight axisin front of the primary vertex (i.e. is more 
ompatible with having its origin in a se
ondaryde
ay vertex in the dire
tion of �ight expe
ted for the b-hadron) or negative if the tra
k ismore likely to interse
t the �ight axis behind the primary vertex, opposite to the jet dire
tion.Both 
ases are illustrated in Fig. 6.3, together with the variables needed to de�ne the lifetimesign. The ve
tor ~rIP −~rPV de�nes the three-dimensional impa
t parameter of the tra
k withrespe
t to the primary vertex, ~pjet the jet momentum and ~ptrk the tra
k momentum de�nedat the point of 
losest approa
h to the primary vertex.The lifetime sign 
an then be de�ned in three-dimensions, a

ording to the variables ~pjet,

~ptrk and ∆~rIP = ~rIP − ~rPV :
sign3D = sign ([~ptrk × ~pjet] · [~ptrk × ∆~rIP ]) , (6.3)where the symbol · denotes the s
alar produ
t and the symbol × the 
ross produ
t of twove
tors.
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Figure 6.3: De�nition of variables needed to 
ompute the lifetime sign of a tra
k in the three-dimensionalspa
e. In addition a positive (left) and negative (right) lifetime signed tra
k is shown.This formula 
an be more easily understood by �rst 
onsidering the hypothesis that allthree ve
tors ~pjet, ~ptrk and ∆rIP lie in the same plane. In this 
ase the jet axis and the tra
k,approximated with a straight line starting from the impa
t parameter point, will ne
essarilyinterse
t ea
h other. The lifetime sign is de�ned in su
h a way that, if this interse
tion o

ursin the dire
tion of �ight of the b-jet, it is positive, if the interse
tion o

urs on the other side,it is negative.While the formula of the three-dimensional lifetime sign (Eq. 6.3) relies on the three-dimensional impa
t parameter ~rIP−~rPV , the lifetime sign 
an be also de�ned on the transverseplane (x-y) or on the longitudinal plane (rφ-z) by 
onsidering the proje
tions of the three-dimensional impa
t parameter respe
tively on the x-y and rφ-z planes, whi
h is equivalent to
onsidering respe
tively the transverse and longitudinal impa
t parameters. In these 
ases thethree-dimensional formula simpli�es and, 
onsidering the de�nition of the helix parameters
d0 and z0 as illustrated at the beginning of Se
tion 5.3.3, their lifetime sign 
an be expressedas:

signrφ = sign (sin(φjet − φtrk) · d0,trk) (6.4)
signz = sign ((ηjet − ηtrk) · z0,trk) (6.5)When moving from Eq. 6.3 to Eq. 6.4, the geometri
al de�nition of the sign of the helixparameter d0 needs to be taken into a

ount, whi
h is su
h that the ve
tor ~ptrk ×∆~rIP , on
e

~ptrk and ∆~rIP are proje
ted on the transverse plane, is simply sign(d0) times the unit ve
torpointing along the z axis in the z > 0 dire
tion.The 
omputation of the lifetime sign assumes that the jet dire
tion reprodu
es, up to a goodapproximation, the b-hadron dire
tion: from the physi
al point of view this assumption 
anonly be ful�lled in an approximate way, sin
e the jet momentum is supposed to reprodu
e themomentum of the initial b-quark, whi
h is given by the sum of the momentum of the b-hadronand of the remaining tra
ks arising dire
tly from fragmentation. Under this assumption andup to resolution e�e
ts both on the jet dire
tion and on the impa
t parameters and momentumof the tra
k, the lifetime sign for tra
ks originating from b-hadron de
ays is positive.The distributions for the transverse (IPrφ) and longitudinal (IPz) impa
t parameter sig-ni�
an
e are shown in Fig. 6.4: the sign of the transverse impa
t parameter is de�ned by
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Figure 6.4: Impa
t parameter signi�
an
e of tra
ks asso
iated to light, c- and b-jets in the transverse (left
olumn) and longitudinal (right 
olumn) dire
tion, subdivided into various di�erent 
ategories a

ording totheir physi
al origin.�signrφ�, while the longitudinal impa
t parameters signi�
an
e uses �signz�. It 
an be noti
edthat tra
ks from fragmentation in light-jets1 have a signed impa
t parameter distributionwhi
h is perfe
tly symmetri
 around 0, sin
e they have no 
orrelation with the jet dire
tion.Tra
ks from b- and c-hadron de
ays, as expe
ted, have an asymmetri
 distribution, with themost signi�
ant 
ontribution at positive signi�
an
es; however a negative tail extending be-yond the pure fragmentation 
ontribution is also seen, 
orresponding to resolution e�e
ts andto an eventual mismat
h between the b-jet and b-hadron dire
tions. The signed impa
t pa-rameter signi�
an
e distribution in light-jets would be perfe
tly symmetri
 if no 
ontributionfrom long lived parti
les, 
onversions and hadroni
 intera
tions would be present: amongthese, the distribution for 
onversions and K0
S mesons are shown and, sin
e they are alsoemitted at some se
ondary vertex whi
h is preferably in the dire
tion of the jet, they alsoshow a signi�
ant 
ontribution at high positive impa
t parameter signi�
an
es. However,sin
e the jet dire
tion 
an provide a good approximation only for the b-hadron dire
tion in

b-jets (sin
e only the b-jet fragmentation fun
tion is su�
iently hard), both distributions alsoextend signi�
antly to negative values of signed impa
t parameter signi�
an
es.A 
omparison between the transverse impa
t parameter distribution with the lifetime signde�ned in the transverse plane by �signrφ� and by �sign3D� is shown in Fig. 6.5. The result isnearly identi
al for prompt tra
ks, while for tra
ks from b-hadron de
ays the �rst de�nitionseems to yield a more positive shifted distribution and thus potentially a better performan
e.This result is a bit surprising and seems to indi
ate that, sin
e the lifetime sign is not takinginto a

ount the di�erent errors on the longitudinal and transverse impa
t parameters, thatthe longitudinal 
omponent of the lifetime sign is diluting the information from its transverse
omponent.The extension of the impa
t parameter signi�
an
e distribution to high values for K0
S de
aysand 
onversions are limited by the applied impa
t parameter 
uts.Summing up all 
omponents 
hara
terising b-, c- and light jets, the signed impa
t parameterdistributions of Fig. 6.6 are obtained. The 
omponent with non-prompt tra
ks in light jets1The same happens in b-jets, as shown later in Fig. 6.5.
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Figure 6.5: Comparison between the transverse impa
t parameter distribution where the lifetime sign isde�ned a

ording to the transverse de�nition (full lines) and to the three-dimensional de�nition (dashedlines), on the left for prompt tra
ks and on the right for tra
ks from the de
ay of b-hadrons, in both 
ases in
b-jets.is 
learly visible. The 
omponent with prompt tra
ks is 
hara
terised by vanishing intrinsi
impa
t parameter, so the distribution of impa
t parameter signi�
an
es gives dire
tly a

essto the resolution fun
tion. The result of a simple �t with a Gaussian fun
tion in the interval
[−3, 3] is shown in Fig. 6.7: the standard deviation is very 
lose to unity, whi
h means thatthe tra
k parameter errors are 
orre
tly estimated by the tra
king re
onstru
tion algorithm.A small non-Gaussian tail is also present. An eventual derivation of the resolution fun
tionfrom data is 
ompli
ated by the presen
e of non-prompt 
omponents, whi
h are present evenin light-jets; in prin
iple the resolution fun
tion 
ould be obtained from the negative lifetimeside of the impa
t parameter distribution, however this is again not straightforward, sin
enot all long-lived parti
les, 
onversions and hadroni
 intera
tions with high impa
t parametersigni�
an
es in light jets land at positive lifetime values, so that they also 
ontribute withlarge negative impa
t parameter signi�
an
es, 
ontaminating the non-Gaussian tails of theresolution fun
tion.The impa
t parameter signi�
an
es of all N tra
ks asso
iated to the jet to tag need to be
ombined into a single dis
riminating variable. It is assumed that the tra
ks are un
orrelated,so that their probability density fun
tions (PDF) (de�ned based on the transverse and/orlongitudinal impa
t parameter signi�
an
e shown in Fig. 6.6) are uniquely de�ned as a fun
-tion of the jet �avour. Using a likelihood fun
tion de�ned a

ording to the produ
t of thesePDFs, under the hypothesis of un
orrelated tra
ks, the following likelihood ratio provides theoptimal separation, a

ording to the Neyman-Pearson lemma:

LR(IP1, IP2, ..., IPN ) =

∏N
i=1 PDFb(IPi)∏N
i=1 PDFl(IPi)

(6.6)For 
onvention the dis
riminating variable used for b-tagging is then de�ned as:
weight(IP1, IP2, ..., IPN ) = log (LR(IP1, IP2, ..., IPN )) (6.7)Sin
e the natural logarithm is a 
ontinuous monotoni
 in
reasing fun
tion of its real argument,using the logarithm or the likelihood ratio is equivalent in terms of separation power.
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Figure 6.6: Transverse (left) and longitudinal (right) signed impa
t parameter signi�
an
e distribution, fortra
ks sele
ted in b-, c- and light jets, both in linear (top) and logarithmi
 (bottom) s
ale.Using su
h a formalism, two impa
t parameter based b-tagging algorithms are 
onstru
ted,based on the de�nition of PDF(IPi):1. IP2D: PDF(IPi) = PDF(IPi,rφ)2. IP3D: PDF(IPi) = PDF(IPi,rφ, IPi,z)In the �rst 
ase the tra
k PDF is one-dimensional, based on the transverse impa
t parametersigni�
an
e. In the se
ond 
ase it is a two-dimensional PDF, based on both the transverse andlongitudinal impa
t parameters signi�
an
e. The distributions de�ning the two-dimensionalPDFs are shown in Fig. 6.8 for b-, c- and light-jets. The non-prompt 
omponent in light jetsis barely visible, but it nevertheless has an important e�e
t on the b-tagging performan
e.The use of a two-dimensional PDF ensures a better performan
e than using dire
tly thethree-dimensional impa
t parameter signi�
an
e, whi
h is 
ondensed in the χ2 fun
tion ex-pressing the displa
ement of the tra
k with respe
t to the primary vertex position properly
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Figure 6.7: Gaussian �t to the transverse (left) and longitudinal (right) impa
t parameter signi�
an
edistributions of prompt tra
ks in light-jets. The statisti
al errors on the mean and standard deviation of theGaussian fun
tion are negligible.
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Figure 6.8: Two-dimensional distribution of transverse and longitudinal impa
t parameters signi�
an
e inlight-jets (left) and b-jets (right). All plots are normalised to unity (along the z axis) and in logarithmi
 s
ale.
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ation of b-quark jetsdivided by its error. This last quantity is equivalent to the 
ontribution of a single tra
k tothe χ2 fun
tion during a vertex �t, already seen in Eq. 5.5:
χ2

i ( ~rPV ) = (~qpred,i(~rPV ) − ~qmeas,i)
TCOV−1

i (~qpred,i(~rPV ) − ~qmeas,i), (6.8)where the helix parameters of the tra
k ~q 
an be limited, for simpli
ity, to the parameters d0and z0. The residual of the measured helix parameters d0 and z0 is 
onsidered with respe
tto the values whi
h would 
orrespond to the tra
k passing exa
tly through the re
onstru
tedprimary vertex, weighted by the inverse of the tra
k 
ovarian
e matrix in the helix referen
eframe. The 
ovarian
e matrix takes into a

ount also the 
orrelation between the d0 and z0helix parameters of the tra
k.However, the dire
t use of the tra
k to vertex χ2 would yield a worse performan
e thanthe use of a two-dimensional PDF. A PDF based on a one-dimensional distribution 
anyield the same performan
e of a two-dimensional distribution only if the two variables ofthe two-dimensional PDF 
an be 
ombined in su
h a way that no information is lost in the
ombination. The distribution of prompt tra
ks in light-jets is dominated by resolution e�e
tsand the transverse and longitudinal impa
t parameter signi�
an
es 
an be thus optimally
ombined in a three-dimensional impa
t parameter, based on the χ2 de�ned in Eq. 6.82. Thesame does not hold for the impa
t parameter signi�
an
e distribution for tra
ks from b- and
c-hadron de
ays, whi
h is signi�
antly di�erent in the transverse and longitudinal planes, duemainly to the fa
t that the resolution is signi�
antly better in the transverse dire
tion, but alsobe
ause of the e�e
t of the magneti
 �eld bending 
harged parti
les in the transverse plane. Inaddition, some of the non-prompt 
omponents in light-jets have a distin
tive two-dimensionaldistribution, whi
h would be diluted by using the three-dimensional impa
t parameter. Thisis for example 
learly the 
ase for 
onversions: in this 
ase, using the two-dimensional PDFs,the likelihood fun
tion impli
itly 
ontains the information that 
onversions are more likelyto be found at high transverse impa
t parameter signi�
an
es and low longitudinal impa
tparameter signi�
an
es and, as a 
onsequen
e, the b over light-jet likelihood ratio will bede
reased in these 
ases, slightly de
reasing the fra
tion of light-jet misidenti�ed as b-jets dueto 
onversions.The �nal dis
riminating variable (de�ned in ATLAS as jet-weight) for the two impa
tparameter based algorithms, IP2D and IP3D is shown in Fig. 6.9. It 
an be 
learly seen thatIP3D provides the most powerful dis
rimination of b-jets against light-jets. The dis
riminationagainst c-jet is poorer: this 
ould be improved a bit by expli
itly 
onsidering PDFs for c-jetwhen building up the likelihood ratio.The performan
e of the impa
t parameter based b-tagging algorithms 
an be improved byusing some information dire
tly from the se
ondary vertex based vertexing algorithms in twoaspe
ts. In �rst instan
e the verti
es 
orresponding to the de
ay of long lived parti
les (like K0

Smesons and Λ baryons) or 
onversions or hadroni
 intera
tions 
an be expli
itly re
onstru
ted,at least as long as both 
harged parti
les at the de
ay or 
onversion vertex (or at least two
harged parti
le tra
ks from the intera
tion vertex in the 
ase of hadroni
 intera
tions) havebeen re
onstru
ted as tra
ks in the inner dete
tor. Tra
ks asso
iated to su
h verti
es 
an beremoved from the tra
ks 
onsidered for the impa
t parameter based algorithms. In se
ondinstan
e, the dire
tion between the se
ondary and primary vertex positions 
an be used toimprove the reliability of the lifetime sign de�ned in Eq. 6.3, substituting ~pjet with ~rSV −~rPV .The latter provides a signi�
antly improved estimation of the b-hadron dire
tion. Both kindsof information improve slightly the performan
e of the impa
t parameter based b-taggingalgorithms.2This is only 
orre
t under the hypothesis that the non-Gaussian tails are the same in the transverse andlongitudinal impa
t parameter signi�
an
e distributions.
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Figure 6.9: Distributions for the dis
riminating variable (log(LR)) for b-, c- and light-jets, on the left forIP2D and on the right for IP3D.
The impa
t parameter based algorithms permit to obtain a very good b-tagging perfor-man
e, as will be analysed at the end of this 
hapter, and at the same time allow to keep themethod fairly simple, with a single tra
k-based PDF to be 
alibrated for ea
h quark �avour.One of the reasons for the good performan
e is that the likelihood method based on the im-pa
t parameter signi�
an
e 
ontains impli
itly, as a prior knowledge in the PDF for b-jets,the fra
tion of tra
ks expe
ted to arise from fragmentation and the fra
tion expe
ted to arisefrom b- and c-hadron de
ays. However, this method has also few drawba
ks. One is that thefra
tion of tra
ks from fragmentation depends on the energy of the initial b-quark, whi
h isat the moment not a

ounted for, but 
ould be 
ured by introdu
ing PDFs with a 
onditionaldependen
e on the jet transverse momentum. The se
ond is that, while the impa
t parame-ter signi�
an
e of prompt tra
ks is independent on the jet pT and η, the impa
t parametersigni�
an
e of tra
ks from se
ondary de
ays is not: in fa
t, while the impa
t parameter assu
h is nearly invariant under Lorentz boosts of the b-hadron, the error de
reases with in-
reasing tra
k pT and smaller η (as shown in Fig. 4.2). The tra
k-based PDF is thus notinvariant neither under a boost of the b-quark nor under a boost of its emerging 
harged par-ti
les tra
ks. This 
an be 
ured both by making the tra
k-PDF 
ategory dependent, wherethe 
ategories 
orresponds to di�erent interval either in the jet kinemati
s or in the tra
kerrors. Using a 
ategory dependent PDF (but only a

ording to the tra
k pT ) is an approa
hthat was tried out in ATLAS in the last two years: it brings a signi�
ant improvement inperforman
e, but has the disadvantage of in
reasing the number of free parameters of thelikelihood model and making an eventual 
alibration on data more di�
ult (more informationis 
ontained in Ref. [44℄). An alternative approa
h 
ould be based on a likelihood modelexpressing the 
onvolution of the expe
ted, boost invariant, d0 and z0 distribution with thetra
k resolution fun
tion based on σd0 and σz0 . This would have the advantage of separatingthe physi
s dependent variables (d0 and z0) from the experimental resolution e�e
ts, whi
hwould be 
ondensed in the resolution fun
tion.
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ation of b-quark jets6.4 Se
ondary vertex re
onstru
tion in b-jetsThe expli
it re
onstru
tion of se
ondary verti
es in b-jets 
an signi�
antly improve the b-tagging performan
e of the impa
t parameter based algorithms.As des
ribed in Se
tion 6.1, the typi
al topology of parti
le de
ays in a b-jet is a de
ay
hain with two verti
es, one stemming from the b-hadron de
ay and at least one from c-hadron de
ays. An ex
lusive re
onstru
tion of the huge number of di�erent possible b-de
aymodes 
annot be performed with high e�
ien
y, for several reasons: many of these de
aymodes involve neutral parti
les, whi
h are di�
ult to re
onstru
t 
leanly in a hadron 
olliderenvironment and 
annot be used dire
tly in the vertex re
onstru
tion3, and the set of sele
tion
uts needed to re
onstru
t all the di�erent de
ay modes would severely limit the re
onstru
tione�
ien
y. The re
onstru
tion of se
ondary b- and c-hadron de
ay verti
es in jets thus has tobe done in an in
lusive way, where the number of 
harged parti
le tra
ks originating from b-and c-hadron de
ays is not known a-priori.Trying to resolve the b- and c-hadron verti
es of the de
ay 
as
ade is 
hallenging for thefollowing reasons:
• The probability to have at least two re
onstru
ted 
harged parti
le tra
ks both fromthe b- and c-hadron de
ays is limited (pre
ise numbers will be evaluated in Se
tion 6.8).Several reasons 
ontribute to this: the small 
harged parti
le multipli
ities involved inthese de
ays, the fra
tion of 
harged tra
k parti
les from b- and c-hadron de
ays whi
hhappen to be 
ompatible with the primary vertex and are therefore not 
onsidered forthe re
onstru
tion of se
ondary verti
es and the limited tra
k re
onstru
tion e�
ien
y(
aused mainly by material intera
tions in the dete
tor).
• The resolutions of the relevant tra
k parameters, espe
ially at low transverse momenta,are not su�
ient to separate the two verti
es e�
iently.Two strategies to dete
t a se
ondary de
ay vertex in b-jets are available in ATLAS. The �rstone is based on a the �t of a single geometri
al vertex. Even if this hypothesis is not 
orre
t,given the reasons given above, this approximation works well for a large fra
tion of 
ases. These
ond algorithm is based on a kinemati
 approa
h, whi
h assumes that the primary eventvertex and the b- and c-hadron de
ay verti
es lie approximately on the same line, the �ightpath of the b-hadron. While the �rst approa
h was already used in ATLAS at the time whenthis thesis work started and will be therefore only brie�y des
ribed here, the se
ond is a dire
tresult of this thesis work and will be des
ribed in greater detail.6.5 In
lusive se
ondary vertex re
onstru
tionThe in
lusive �t of a single displa
ed vertex in b-jets is based on the VKalVrt [70℄ vertexre
onstru
tion pa
kage, whi
h 
ontains an implementation of the Billoir method for vertex�tting des
ribed in Se
tion 5.3.1.The main idea of this algorithm is to maximise the b/c-hadron vertex dete
tion e�
ien
y,keeping at the same time the probability to �nd a vertex inside light jets low. The algorithmstarts with all tra
ks asso
iated to the jet and passing the loose sele
tion 
uts introdu
ed inSe
tion 6.2. The vertex sear
h starts with looking for all tra
k pairs and trying to form atwo-tra
k vertex whi
h satis�es the following 
onditions:3Neutral parti
les 
an be used only to 
onstraint the parti
le momenta at the de
ay vertex, whi
h is usefulonly if all parti
les at the vertex are re
onstru
ted, so that four momentum 
onservation 
an be exploited.
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• the two tra
ks form a vertex with vertex probability Prob(χ2

vxt) above 3.5%;
• ea
h tra
k of the pair must have a three-dimensional impa
t parameter signi�
an
e withrespe
t to the primary vertex (de�ned in Eq. 6.8) larger than 2σ and the sum of thesetwo signi�
an
es must be larger than 6σ;
• to redu
e the in�uen
e of badly measured tra
ks, the two-tra
ks verti
es are requiredto be produ
ed in the dire
tion of �ight of the b-quark, by requiring the s
alar produ
t

(~r2tr − ~rprimary) · ~pjet to be positive.Some of the re
onstru
ted two-tra
k verti
es stem from K0
s and Λ0 de
ays, γ → e+e− 
on-versions and hadroni
 intera
tions in the dete
tor material. Charged parti
le tra
ks 
omingfrom su
h verti
es are not 
onsidered for the in
lusive b-de
ay vertex �t. All tra
ks 
orre-sponding to the remaining a

epted two-tra
k verti
es are used to determine a single se
ondaryvertex. If the resulting vertex has a very small vertex probability (
orresponding to a lowProb(χ2

vtx)), the tra
k with the highest 
ontribution to the vertex χ2 is removed from thevertex �t and the vertex �t is repeated. This pro
edure is iterated until Prob(χ2
vtx)> 0.1%.The result of this pro
edure is the (eventual) presen
e of a vertex, its position and 
ovarian
ematrix and the list of its asso
iated 
harged parti
les, whose properties are then explored ina dedi
ated b-tagging algorithm.More details about this vertex re
onstru
tion algorithm 
an be found in Ref. [44℄.6.6 The JetFitter vertex re
onstru
tion algorithmJetFitter is an in
lusive se
ondary vertex re
onstru
tion algorithm whi
h exploits the topo-logi
al stru
ture of weak b- and c-hadron de
ays inside a jet.6.6.1 Re
onstru
tion of the de
ay 
hain

Figure 6.10: The in
lusive se
ondaryvertex re
onstru
tion algorithm �ts alldispla
ed tra
ks to an in
lusive vertex. Figure 6.11: JetFitter performs a multi-vertex �t using the
b-hadron �ight dire
tion as 
onstraint.As opposed to the algorithm des
ribed in the last se
tion, in whi
h displa
ed tra
ks aresele
ted and an in
lusive single vertex is obtained using a Billoir based χ2 �t (as sket
hed inFigure 6.10), the algorithm des
ribed here, 
alled JetFitter, is based on a di�erent hypothesis.It assumes that the b- and c-hadron de
ay verti
es lie on the same line de�ned through the

b-hadron �ight path. All 
harged parti
le tra
ks stemming from either the b- or c-hadronde
ay thus interse
t this b-hadron �ight axis. There are several advantages to this method:
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• In
omplete topologies 
an also be re
onstru
ted (in prin
iple even the topology witha single tra
k from the b-hadron de
ay and a single tra
k from the c-hadron de
ay isa

essible).
• The �t evaluates the 
ompatibility of the given set of tra
ks with a b-c-hadron like
as
ade topology, in
reasing the dis
rimination power against light quark jets.
• Constraining the tra
ks to lie on the b-hadron �ight axis redu
es the degrees of freedomof the �t, in
reasing the 
han
e to separate the b/c-hadron verti
es.From the physi
s point of view this hypothesis is justi�ed through the kinemati
s of theparti
les involved as de�ned through the hard b-quark fragmentation fun
tion and the massesof b- and c-hadrons. The lateral displa
ement of the c-hadron de
ay vertex with respe
t to the

b-hadron �ight path is small enough not to violate signi�
antly the basi
 assumption withinthe typi
al resolutions of the tra
king dete
tor.This assumption was analysed in more detail on Monte Carlo simulated events of the WHpro
ess, with a Higgs boson (mH = 120 GeV) de
aying into a pair of b−quarks, looking for b-and c-hadrons in b-jets with transverse momenta above 15 GeV and within the a

eptan
e ofthe tra
king devi
e. Considering the average b-quark transverse momentum of ≈ 60 GeV, theaverage transverse �ight length of b-hadrons turns out to be 4.3 mm, while the subsequenttransverse �ight length of the c−hadrons produ
ed at the b-vertex is on average 1.9 mm.As a result the overall average �ight length is ≈ 6.2 mm. The average lateral displa
ementof the c-hadron with respe
t to the b-�ight dire
tion, proje
ted onto the transverse plane is
≈ 30 µm: this displa
ement is 
ertainly small with respe
t to the overall PV → b-→ c-hadron�ight length.
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Figure 6.12: Average lateral displa
ement of the c−hadron de
ay vertex with respe
t to the b-hadron �ightdire
tion, in the transverse (left) and longitudinal (right) planes, 
ompared to the respe
tive experimentalresolution either of a single tra
k or of the vertex resulting from the vertex �t of the tra
ks originating fromthe d-hadron vertex.However, in order for su
h an assumption not to 
ause any bias on the vertex �t χ2, thisdispla
ement must be small with respe
t to the involved experimental resolutions. This 
om-parison is shown in Fig. 6.12, where the real displa
ement in the transverse and longitudinalplanes is 
ompared to the typi
al experimental resolutions a
hievable by 
onsidering the tra
ks
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tion algorithm 115originating from the c-hadron de
ay vertex. This 
orresponds to the impa
t parameter reso-lution of a single tra
k, if - after sele
tion and removal of tra
ks 
ompatible with the primaryvertex - only one tra
k from the c-hadron is left, or to the resolution in the dire
tion of inter-est4 of a vertex �t applied only to the tra
ks originating from the c-hadron de
ay vertex. Inthe longitudinal plane a real displa
ement of on average ≈ 40 µm has to be 
ompared with asingle tra
k resolution of ≈ 110 µm or, when more than one tra
k is available, with a singlevertex resolution of ≈ 70 µm, so that the bias on the PV → b-→ c-hadron de
ay 
hain �t 
anbe 
onsidered small. In the transverse plane the situation is more deli
ate, with a true averagedispla
ement of ≈ 30 µm, to be 
ompared with a single tra
k resolution of ≈ 55 µm and,when available, with a single vertex resolution of ≈ 40 µm. In addition, the real displa
ementboth in the transverse and longitudinal proje
tions have a tail to very high values.The assumption adopted in JetFitter is thus well justi�ed by the small average displa
ementof the c−hadron with respe
t to the b-hadron momentum (30 µm ≪ 6 mm), however thetra
k resolution on the transverse plane 
an o

asionally be better than su
h a displa
ementand therefore 
an 
ause some bias on the overall �t χ2. This must be either 
orre
ted for byin�ating arti�
ially the width of the �ight axis in 
orresponden
e of the points where the b-and c-hadron verti
es are expe
ted to lie during the �t, or, more simply, it must be takeninto a

ount when removing 
on�gurations whi
h are in
ompatible with the expe
ted de
ay
hain topology, by making the requirement on the overall Prob(χ2) of the de
ay 
hain vertex�t looser. The se
ond solution was adopted in JetFitter.The hypothesis of a negligible lateral displa
ement of the c-hadron de
ay vertex with re-spe
t to the b-hadron �ight path was explored for the �rst time in the ghost tra
k algorithmdeveloped by the SLD Collaboration [74℄, where the already de�ned b-hadron �ight axis issubstituted by a ghost tra
k and where a numeri
al global χ2 minimisation pro
edure was usedto perform the multi-vertex �t. The use of a dedi
ated Kalman �lter has several advantages
ompared to su
h a 
onventional global χ2 minimisation.6.6.2 Vertex �t: formalism and implementation
Figure 6.13: The JetFitter algorithm iteratively updates the primary vertex position, the b-hadron �ightdire
tion and the interse
tions of this axis with the �tted tra
ks.In JetFitter the vertexing task is mathemati
ally implemented as an extension of theKalman Filter formalism for vertex re
onstru
tion, whi
h was introdu
ed in Se
tion 5.3.2.While in a 
onventional Kalman vertex �t the variables to be iteratively updated in the �tare the vertex position ~x, in JetFitter the de
ay 
hain is des
ribed through the followingvariables (see Fig. 6.13):

~d = (xPV , yPV , zPV , φ, θ, d1, d2, ..., dN ), (6.9)4The dire
tion of interest is de�ned to be perpendi
ular to the dire
tion of �ight of the b-hadron and itstransverse and longitudinal 
omponents are separately 
onsidered.
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• (xPV , yPV , zPV ): the primary vertex position.
• (φ, θ): the azimuthal and polar dire
tions of the b-hadron �ight axis.
• (d1, d2, ..., dN ): the distan
es of the �tted verti
es, de�ned as the interse
tions of one ormore tra
ks and the b-hadron �ight axis, to the primary vertex position along the �ightaxis (N representing the number of verti
es).Before starting the �t, the variables are initialised with their prior knowledge:
• The primary vertex position (with 
ovarian
e matrix), as provided by the primary vertex�nding algorithm.
• The b-hadron �ight dire
tion, approximated by the dire
tion of the jet axis, the er-ror being provided by the expe
ted 
ombined e�e
t of the jet dire
tion resolution andthe average displa
ement of the jet dire
tion relative to the b-hadron �ight axis, asdetermined from Monte Carlo simulations and as des
ribed in the following.
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Figure 6.14: Residual distribution of the re
onstru
ted jet dire
tion with respe
t to the b-hadron dire
tionin b-jets, separately in the azimuthal angle (left) and in the pseudo-rapidity variable (right).The distribution of residuals of the re
onstru
ted jet dire
tion with respe
t to the real b-hadron dire
tion in both transverse and longitudinal dire
tion, as obtained from WH → ℓνbb̄fully simulated events, is shown in Fig. 6.14. Instead of the polar angle, the pseudo-rapidity is
hosen for determining the width of the polar angle distribution. Both the root mean squaredresiduals in ∆φ and in ∆η are ≈ 0.06. In order to provide only a loose 
onstraint in the �tand not to 
ause any signi�
ant bias due to the non-Gaussian tails of the distributions, theerrors on the b-�ight axis dire
tion during the �t are set respe
tively to 0.07 and 0.065. Theerror on η is translated into an error on θ by simple linear error propagation.The �t is then performed by adding iteratively as input the tra
k parameters of the indi-vidual tra
ks, spe
ifying at ea
h iteration the vertex number to be updated.
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onstru
tion algorithm 117As opposed to the measurement equation of a single-vertex Kalman vertex �t of Eq. 5.7,whi
h for simpli
ity will be repeated here:
~q = ~q0 + A [~x − ~x0] + B [~p − ~p0] =

= ~q(~x, ~p) = ~q(~x, ~p)~x=~x0,~p=~p0
+

δ~q(~x, ~p)

δ~x

∣∣∣∣
~x=~x0

(~x − ~x0) +
δ~q(~x, ~p)

δ~p

∣∣∣∣
~p=~p0

(~p − ~p0)

= ~C + A~x + B~p, (6.10)the new measurement equation to be used to update the �t variables is:
~q = ~q(~d, ~p) = ~q(~d, ~p)~d=~d0,~p=~p0

+
δ~q(~d, ~p)

δ~d

∣∣∣∣∣
~d=~d0

(
~d − ~d0

)
+

δ~q(~d, ~p)

δ~p

∣∣∣∣∣
~p=~p0

(~p − ~p0)

= ~̂C + Â~d + B̂~p (6.11)where the linearisation has now to be performed around some initial ~d0.Before the �rst sequen
e of Kalman iterations is performed, N is initialised to the numberof tra
ks, sin
e during the �rst stage only single-tra
k verti
es are 
onsidered. A �rst ap-proximate estimation of ~d0 is provided by the points along the �ight axis (as estimated fromthe jet dire
tion and having as origin the primary vertex) 
orresponding to the minimumdistan
e to the single tra
ks. Sin
e this task 
annot be solved analyti
ally, this minimumdistan
e is obtained through a Newton based iterative method, whi
h minimises the distan
ebetween a straight line (the b-hadron �ight axis) and a helix (the tra
k). This is essentiallyanalogous to the minimisation of the distan
e between two 
harged parti
le tra
ks0 presentedin Se
tion 5.4.2 and 
ondensed in Eq. 5.49, with the di�eren
e that the equation of motion ofthe se
ond of the two 
harged parti
le tra
ks is substituted with the equation of motion of astraight tra
k.De�ning as ~x = (x, y, z) the position of the vertex on the b-hadron �ight axis to be updatedby the tra
k added to the �t, the relation between ~x and ~d is:
x = xPV + di · sin(θ) cos(φ)

y = yPV + di · sin(θ) sin(φ) (6.12)
z = zPV + di · cos(θ),where di is the �ight length 
orresponding to the vertex 
onsidered, so that the measurementequations (6.10) and (6.11) are identi
ally equal, on
e the equality

~x − ~x0 = ~x(~d) − ~x(~d0) =
d~x(~d)

d~d

∣∣∣∣∣
~d=~d0

(
~d − ~d0

) (6.13)is used.While ~̂C = ~C and B̂ = B, the position Ja
obian Â to be used in the �t is di�er-ent from the single-vertex �t one of Eq. 6.10, but 
an simply be obtained by 
omputing
Â = A d~x(~d)

d~d

∣∣∣
~d=~d0

, where the transformation matrix d~x(~d)

d~d
is:

d~x(~d)

d~d
=





1 0 0 −di sin(θ) cos(φ) di cos(θ) cos(φ) ... sin(θ) cos(φ) ...

0 1 0 di sin(θ) cos(φ) di cos(θ) sin(φ) ... sin(θ) sin(φ) ...

0 0 1 0 −di sin(θ) ... cos(θ) ...




(6.14)
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ation of b-quark jetsand the 
olumns number (6, ..., i + 4, i + 6, ..., N + 5) related to the verti
es not 
onsidered inthe 
urrent iteration (d1, d2, ..., di−1, di+1, ..., dN ) are identi
ally zero.While the original Ja
obian A is usually quite insensitive to small 
hanges of the positionof the vertex ~x (the linear approximation for a tra
k around a vertex holds quite well), thetransformation matrix and thus the Ja
obian Â has a highly non-linear dependen
e on thedistan
e from the primary vertex di of the vertex formed by one or more interse
ting tra
ks.In order for the �t to 
onverge, more 
y
les of iterations will be needed due to the non-linearity of the measurement equation and during ea
h new iteration the position Ja
obian Âneeds to be re
omputed. However, this operation 
an be 
onsiderably sped up by re-linearisingthe measurement equation (6.11) only in the part of Â whi
h involves the transformationmatrix around the new linearisation position ~d1, while keeping the Ja
obian A at the oldlinearisation position ~d0:
~q = ~q(~x(~d), ~p)~d=~d0,~p=~p0

+
δ~q(~x(~d), ~x)

δ~x

∣∣∣∣∣
~x=~x(~d0)

[~x(~d) − ~x( ~d1) + ~x( ~d1) − ~x( ~d0)]

+
δd~q(~d, ~x)

δ~p

∣∣∣∣∣
p=p0

(~p − ~p0) = ~̂C + Â~d + B~p (6.15)where the transformation matrix 
an be applied dire
tly at the new linearisation point ~d1, torelate ~x(~d) − ~x(~d1) to ~d − ~d1:
~x(~d) − ~x(~d1) =

d~x

d~d

∣∣∣∣
~d= ~d1

(~d − ~d1) (6.16)Comparing Eq. (6.15) with Eq. 6.10, the 
oe�
ients ~̂C and the Ja
obian Â 
an be obtainedfrom the 
oe�
ients ~C and the Ja
obian A:
~̂C = ~C + A

[

~x1 −
d~x

d~d

∣∣∣∣
~d=~d1

~d1

] (6.17)
Â = A

d~x

d~d

∣∣∣∣
~d=~d1The pres
ription for a fast linearisation is thus:1. Linearise the measurement equation (Eq. (6.10)), 
omputing ~C, A and B.2. At ea
h new iteration typi
ally only re
ompute the transformation matrix (Eq. (6.14))and obtain the new ~̂C and Â to be used in the Kalman update step (Eq. (6.17)).On
e the measurement equation for all tra
ks to be added iteratively to the �t is determined,the Kalman �lter based vertex �t is fully de�ned. In a typi
al de
ay 
hain �t around 4-5iterations are required before the �t 
onverges: the 
onvergen
e 
riterion is that, after a newiteration, ∣∣χ2

new − χ2
old

∣∣ is required to be smaller than 0.001.The �t pro
edure remains perfe
tly de�ned also if more than one tra
k is �tted to the samevertex i (out of N) along the �ight axis. In this 
ase, when the tra
ks 
orresponding to thisvertex will be added iteratively to the de
ay 
hain �t, they will both 
ontribute the same�ight length di 
orresponding to the vertex to be updated.So, on
e the assignment of tra
ks to verti
es is made, the vertex �tting pro
edure 
an bestarted and yields the optimal values for the b-hadron �ight axis dire
tion and positions ofthe �tted verti
es along the �ight axis.
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onstru
tion algorithm 119Vertex probability estimationThe 
lustering of tra
ks into verti
es, as in the 
ase of primary vertex �nding, is in �rstinstan
e a separate problem, and is dealt with by the vertex �nding algorithm, whi
h willbe des
ribed in Se
tion 6.6.3. This intera
ts with the vertex �tting algorithm in order to tryto 
onverge to the 
orre
t topology. Two of the fundamental ingredients for the 
lustering,whi
h the vertex �tting algorithm needs to provide, are:
• The probability of a 
ertain vertex to be 
ompatible with the �tted de
ay 
hain.
• The probability for two initially separated verti
es along the �ight axis to be 
ompatiblewith a single vertex and with the overall new resulting de
ay 
hain.The �rst quantity 
an be obtained by applying the smoothing pro
edure. While in thestandard Kalman based �t of a single vertex the smoothing pro
edure provides the 
orre
t χ2
ontribution of a tra
k to the �tted vertex, in JetFitter the 
orresponding quantity is the χ2
ontribution of a 
ertain tra
k on the b-hadron �ight axis to the �t of the whole de
ay 
hain.However, when more than one tra
k is �tted to a vertex along the b-�ight axis, the quantity ofinterest is the overall χ2 
ontribution of that vertex to the whole de
ay 
hain �t. In this 
asethe smoothing pro
edure needs to be slightly modi�ed, as des
ribed in the following steps:
• the �nal �tted de
ay 
hain is taken and the χ2

smooth
value is set to 0;

• all tra
ks belonging to the 
hosen vertex on the b-hadron �ight axis are removed it-eratively from the de
ay 
hain and their χ2 
ontributions are added up iteratively to
χ2
smooth

;
• the new de
ay 
hain is 
ompared with the �nal �tted one and the di�eren
e between the�nal and new 
on�guration (in terms of [~dnew − ~dfin

]T
COV −1

~d

[
~dnew − ~dfin

], where
COV −1

~d
is the weight matrix of the �nal de
ay 
hain) is 
onsidered as an additional
ontribution to χ2

smooth
.The obtained χ2

smooth
has then 2 ·Nt−1 degrees of freedom5, where Nt is the number of tra
ksinvolved in the vertex 
onsidered.The se
ond quantity, the probability of two separate verti
es along the jet axis to be 
om-patible with a single vertex and at the same time with the overall de
ay 
hain, is a bit moredi�
ult to get, at least if the 
orrelations of the positions of the verti
es with the dire
tionof the b-hadron �ight axis are 
orre
tly a

ounted for. The simplest option is to performa new 
omplete de
ay 
hain �t with the two verti
es merged together: the χ2 probabilityof the merged vertex, 
omputed a

ording to the smoothing pro
edure already des
ribed, isthen used as a measure of how likely the merging hypothesis is 
orre
t. This approa
h issimple, however, sin
e this kind of probability estimation 
an be iterated many times duringthe vertex �nding, repeating the full �t at ea
h iteration is extremely slow.In order to avoid to repeat the 
omplete �t frequently, an alternative approa
h has been setup, in whi
h the hypothesis of merging two verti
es is tested adding on top of the previous
omplete �t a single Kalman update step, where the 
onstraint di = dj (for merging twoverti
es on the b-hadron �ight axis) or di = 0 (to merge vertex i with the primary vertex) isapplied. This 
orresponds formally to adding a new measurement to the vertex �t, with zero5The number of degrees of freedom of a vertex in the de
ay 
hain �t is 2 · Nt − 1, instead of 2 · Nt − 3of a 
onventional single vertex �t, sin
e only a one-dimensional variable is needed to des
ribe the vertexposition along the b-�ight axis.
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iated error. As dis
ussed in Se
tion 5.3.2, su
h a degenerate measurement 
an be addedto a Kalman �lter based �t by swit
hing from the Kalman weighted mean formalism to thegain formalism.Considering the 
ase of two verti
es i and j to be merged into a single one, the measurementequation 
orresponding to the 
onstraint is trivial:
m = f

(
~d
) (6.18)

= di − djwhile the value of the measurement m is zero with zero asso
iated varian
e VAR(m). Thismeasurement equation is already linear in the variables ~d = (xPV , yPV , zPV , φ, θ, d1, d2, ..., dN ),to be updated. Taking ~d = ~0 as the linearisation point, the Ja
obian and the 
onstant termsare then simply:
m = f

(
~d
)

~d=~0
+

δf
(

~d
)

δ~d

∣∣∣∣∣∣
~d=~d0

(
~d − ~d0

) (6.19)
= Cconstr + Aconstr · ~d

= 0 +
(

0 1 0 −1 0
)





...

di

...

dj

...



The measurement m, its varian
e VAR(m), the 
onstant term Cconstr and the Ja
obian matrix
Aconstr uniquely de�ne the Kalman update step. After the 
onstraint is applied to the �t,the vertex probability of the new joint vertex is estimated. Instead of applying the smooth-ing pro
edure on the new vertex, it is possible to dedu
e the χ2

smooth [new vtx] 
ontributionbased on the vertex χ2
smooth [vtx 1/2] of the two verti
es that have been merged and the

χ2
fit [before/after] of the de
ay 
hain before and after merging:

χ2
smooth [new vtx] = χ2

smooth [vtx 1] + χ2
smooth [vtx 2] + χ2

fit [after] − χ2
fit [before] , (6.20)where the number of degrees of freedom of the new merged vertex is the sum of the degrees offreedom of the two original verti
es, plus one (
orresponding to applying the one-dimensional
onstraint). This avoids the need of 
omputing any new expli
it smoothing step.Negative �ight lengthsWhen the �t is applied to tra
ks belonging to a real b-jet, it may sometimes happen that the b-hadron �ight axis 
onverges to a non physi
al dire
tion pointing opposite to the real b-hadron�ight dire
tion, on whi
h most or all of the �tted verti
es show negative �ight lengths.The following solution has been implemented to avoid this problem:1. A �rst �t is performed until 
onvergen
e is rea
hed.2. The �t is iteratively repeated under the hypothesis that the re-linearisation of all tra
kswith negative �ight length di is performed as if the tra
ks would have had opposite(positive) �ight lengths.
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Figure 6.15: The �t 
an end up forming a vertexbehind the primary intera
tion vertex, with a negative�ight length, whi
h represent a lo
al minimum for theB �ight axis dire
tion Figure 6.16: Re-linearising the negative �ight lengthtra
ks with the opposite �ight length (a) results ina global attempt to move the �t out of the wrongminimum (b).3. Fit iterations are repeated until χ2 
onvergen
e is rea
hed (whi
h also means that nomore tra
ks have been swapped between positive and negative �ight lengths).4. The tra
ks with persisting negative �ight lengths are removed and the default �t isperformed until �nal 
onvergen
e is rea
hed (usually only one more iteration of the �t).The re-linearisation of the tra
ks with negative �ight length as to have positive �ight lengthdoes not only 
hange the sign of the derivative in the Ja
obian Â of the b-hadron �ightdire
tion with respe
t to a shift of the �tted vertex position, but also 
onsiderably a�e
tsthe �t be
ause the 
onstant term Ĉ in Eq. (6.11) 
ontains the residual (whi
h the �t tries tominimise) between the tra
k and the vertex position on the b-hadron �ight axis being nowarti�
ially 
hosen to be opposite to the negative �tted one.Tra
ks originating from the primary intera
tion vertex, even with their �ight length swapped,will still have small residuals and 
ontinue to barely a�e
t the �t of the b-hadron �ight di-re
tion, while tra
ks 
oming from se
ondary verti
es whi
h randomly have formed negative�ight length verti
es will generally show 
onsistent residuals and will try to move the �t to-wards su

eeding in having their vertex on the right side, out of the wrong minimum, as iss
hemati
ally illustrated in Fig. 6.16.6.6.3 Vertex �nding strategyIn this 
hapter the basi
 �nding algorithm implemented in JetFitter will be des
ribed: itassumes that N input tra
ks to be used for the 
lustering of the PV → b- → c-hadron de
ay
hain have been already sele
ted. Su
h a sele
tion is 
ru
ial to improve the vertex �t qualityand will be des
ribed more in detail in Se
tion 6.7.1.After the primary vertex and the b-hadron �ight axis have been initialised, a �rst �t isperformed under the hypothesis that ea
h tra
k represents a single vertex along the b-hadron�ight axis, until χ2 
onvergen
e is rea
hed, obtaining a �rst set of �tted (φ, θ, d1, d2, ..., dN ).A 
lustering pro
edure is then performed, where all 
ombinations of two verti
es (pi
ked upamong the verti
es lying on the b-hadron �ight axis plus the primary vertex) are taken into
onsideration, using the vertex probability estimation te
hniques des
ribed in the previousse
tion, �lling a table of probabilities, of the kind of Table 6.5.After the table of probabilities is �lled, the verti
es with the highest 
ompatibility aremerged, a new 
omplete �t is performed with the new de
ay 
hain stru
ture and a newtable of probabilities is �lled. This pro
edure is then iterated until no pairs of verti
es with aprobability above a 
ertain threshold exist anymore. Avoiding the 
omplete �t to be performed
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ation of b-quark jetsVertex 1 2 3 ... Primary vtx1 X P12 P13 ... P1P2 ... X P23 ... P2P3 ... ... X ... P3P... ... ... ... X ...Primary vtx ... ... ... ... XTable 6.5: Table of probabilities. During the 
lustering a 
ompatibility test is performed between all pairs ofverti
es to analyse if they form a 
ommon vertex on the B �ight axis and the Table of probabilities is �lleda

ordingly.when estimating the 
ompatibility of ea
h of su
h pair of verti
es (by using the Kalmanupdate step des
ribed in the previous se
tion) redu
es the number of iterations needed forthe 
omputation from ∝ N3
tracks to ∝ Ntracks.The result of this 
lustering pro
edure is a well de�ned de
ay 
hain topology with a 
ertainasso
iation of tra
ks to verti
es along the b-hadron �ight axis, where ea
h vertex possesses atleast one tra
k.

6.6.4 Optimisation of the algorithmi
 exe
ution speedThere are various reasons why the JetFitter algorithm turns out to be slower than a more
onventional Kalman or Billoir based in
lusive �t of a single b/c-hadron displa
ed de
ayvertex. The �rst is that, due to the high non-linearity of the measurement equation, moreiterations are required than in a normal single-vertex Kalman or Billoir based �t, where 2 or3 iterations at most are su�
ient to rea
h 
onvergen
e. The se
ond is that, at least in theKalman �lter weighted-mean formalism, the inversion of a matrix with the size of the stateve
tor is required: this size in
reases from 3 in the 
ase of a 
onventional single-vertex �t to5+N in the 
ase of JetFitter. This is the most expensive part of the �t, sin
e the inversion ofsu
h a 5+N matrix is extremely time 
onsuming (the number of single 
omputations requiredfor su
h an inversion is proportional to O
(
[N + 5]2

)).While there is nothing to do to avoid the �rst issue, whi
h is a 
onsequen
e of the involvedphysi
s, the se
ond issue is only a 
onsequen
e of the adopted vertex �t formalism. Theoptimisation of the vertex formalism is dis
ussed in detail in the appendix in Se
tion B.1.After this optimisation was performed, the typi
al amount of time required for applying the
b-tagging algorithm based on JetFitter on all jets in a typi
al WH → lνbb̄ or tt̄ event wasredu
ed to 30-50 ms. This is 
omparable to the amount of time needed to run the other single
b-tagging algorithms, but still higher than the time required for the in
lusive single-vertexse
ondary vertex based algorithm, whi
h is on average 10 ms. One of the ideas whi
h 
ouldbe exploited to further improve the exe
ution time of the �t would be remove the primaryvertex position ~rPV from the variables of the state ve
tor to update: a �xed position for theprimary vertex 
an in fa
t be 
onsidered, in most of the 
ases, as a very good approximationfor the de
ay 
hain vertex �t. This 
an be eventually implemented if there is interest in tryingto use the algorithm also in the Trigger 
hain, for the on-line re
onstru
tion and sele
tion of
b-jets.
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e 1236.7 Optimisation of the physi
s performan
eThe basi
 �nding strategy in JetFitter was des
ribed in Se
tion 6.6.3. The simplest pos-sible approa
h to use the JetFitter algorithm would be to sele
t tra
ks in a jet a

ordingto the loose sele
tion 
riteria presented in Se
tion 6.2 and then pass them to the JetFitteralgorithm, to start the vertex 
lustering. However, the performan
e of the algorithm 
anbe signi�
antly improved by optimising the tra
k sele
tion 
riteria and, most important, byexpli
itly re
onstru
ting 
onversions, K0
S mesons, Λ baryons and hadroni
 intera
tions.6.7.1 Initial tra
k sele
tionThe performan
e of a se
ondary vertex based b-tagging algorithm is extremely sensitive to fakeverti
es formed o

asionally in light jets, typi
ally due to resolution e�e
ts or mismeasuredtra
k parameters. While in the impa
t parameter based b-tagging algorithms des
ribed inSe
tion 6.3 the tra
k sele
tion is applied only on the absolute values of the transverse andlongitudinal impa
t parameters and the impa
t parameter signi�
an
es are then used as aninput for the likelihood method, whi
h is based both on prompt and se
ondary tra
ks, whenlooking for se
ondary verti
es in b-jets it is 
riti
al to reje
t tra
ks whi
h are likely to havetheir origin dire
tly in the primary vertex.This is a
hieved by using the three-dimensional impa
t parameter signi�
an
e6, whi
h isoptimally evaluated by using the χ2 
ontribution of a 
ertain tra
k to the primary vertex�t, whi
h is 
ondensed in Eq. 6.8. In 
ase the tra
k was used in the primary vertex �tof the event, the χ2 obtained in the primary vertex �t after the smoothing step 
an be useddire
tly7. Otherwise the χ2 needs to be 
omputed expli
itly. The distribution of the Prob(χ2)for prompt tra
ks in light-jets and for tra
ks from b- or c-hadron de
ays in both b- and c-jetsis shown in Fig. 6.17. For 
ompleteness also the distribution expe
ted for 
onversions and

K0
S is shown. The plot in linear s
ale shows that the Prob(χ2) distribution is nearly �atlydistributed between 0 and 1 for prompt tra
ks, with a small peak at low probability values.This is expe
ted due to the non-Gaussian behaviour of the resolution fun
tion, whi
h wasalready seen in Fig. 6.7.The distributions show 
learly that an upper 
ut on the Prob(χ2) distribution also reje
tsa 
ertain amount of tra
ks stemming from the b- and c-hadron verti
es. In order to keepthe highest possible amount of su
h tra
ks, but still keep the 
ontamination from prompttra
ks as low as possible, the lifetime sign introdu
ed in Eq. 6.3 
an be used as an additionaldis
riminator. The separate Prob(χ2) distributions for negative and positive lifetime signedtra
ks is shown in Fig. 6.17 (bottom). It 
an be seen that most of tra
ks from b- and c-hadronde
ays have a positive lifetime sign, with a smaller Prob(χ2). So, when applying an upper
ut on Prob(χ2) it is useful, while preserving a 
onstant number of tra
ks from light-jets, to
ut looser on this quantity when the lifetime sign is positive and tighter when it is negative.A 
ut value of 10% and 5% has been 
hosen, respe
tively, for positive and negative lifetimesigned tra
ks (
orresponding respe
tively to -1 and -1.3 on the Log10 s
ale).The e�e
t of su
h a tra
k sele
tion is made more expli
it in Table 6.6: on average 15%of the tra
ks in light-jets pass the sele
tion (2/3 of them still 
oming from prompt tra
ks),6In order to take the di�erent resolutions in the transverse plane and longitudinal dire
tion into a

ount,the three-dimensional impa
t parameter signi�
an
e 
annot be evaluated as d

σd

, where d is the distan
e of
losest approa
h of the tra
k to the vertex in three dimensions, but the 
omplete χ2 
ontribution needs tobe 
omputed.7The smoothed χ2 
ontribution has also the advantage that it is an unbiased measurement of the displa
ementof the tra
k with respe
t to the primary vertex, sin
e the tra
k under investigation is removed from thevertex before the χ2 is 
omputed.
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Figure 6.17: Prob(χ2) distribution for tra
ks having di�erent physi
s origins, measuring their 
ompatibilitywith the primary intera
tion vertex (top plot). The distribution of Log10(Prob(χ2)) is also shown (bottom leftplot). In addition, the same quantity is shown separately for tra
ks with positive (full) and negative (dashed)lifetime sign (bottom right plot).while 67% of the tra
ks from b- and c-hadron de
ays in b-jets. In addition, around 35% of theremaining 
ontribution from light jets 
omes from 
onversions, K0
S , Λ de
ays and hadroni
intera
tions.6.7.2 Dete
tion of two-tra
k verti
esThe expli
it dete
tion of two-tra
k verti
es 
an signi�
antly de
rease the 
ontamination fromse
ondary tra
ks in light-jets. This is realised by 
onsidering all 
ombinations of two-tra
kverti
es and trying to obtain a 
ommon vertex out of them. Tra
ks 
orresponding to su
hverti
es, if they are very likely to originate from light-jets, 
an be removed from the later �tof the b/c de
ay 
hain based on JetFitter. In addition, the two-tra
k verti
es whi
h are notreje
ted by this pro
edure 
an be used as a �rst seed for starting the se
ondary vertex �ndingalgorithm.
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e 125Initial IP 
uts (|d0| < 7. mm and |z0| < 10 mm)light-jet c-jet b-jetAverage tra
k multipli
ity 5.4 6.1 6.9from fragmentation 91.5 % 61.2 % 36.3 %from b-hadron 0.0 % 0.0 % 26.4 %from c-hadron 0.1 % 30.3 % 28.6 %from KS 1.7 % 2.0 % 1.9 %from 
onversion 3.9 % 4.0 % 3.7 %other 2.8 % 2.5 % 3.1 %Prob(χ2)< 10 % (5 %) for sign3D > 0 (< 0)light-jet c-jet b-jetAverage tra
k multipli
ity 0.8 1.4 3.2from fragmentation 65.3 % 26.2 % 7.9 %from b-hadron 0.0 % 0.0 % 34.6 %from c-hadron 0.2 % 51.1 % 44.8 %from KS 8.0 % 6.1 % 3.1 %from 
onversion 16.2 % 10.8 % 5.5 %other 10.3 % 5.9 % 4.1 %Table 6.6: Average tra
k multipli
ity and relative 
ontribution of tra
ks originating from di�erent physi
spro
esses in light, c− and b-quark jets, before and after the Prob(χ2) 
ut used for sele
ting tra
ks intendedto be used in JetFitter for the se
ondary vertex �t. The requirement of the loose tra
k sele
tion 
riteria ofTable 6.3 has already been applied.The Kalman �lter based vertex re
onstru
tion algorithm is used for the vertex �t of allpairs of displa
ed tra
ks (the same used in the sequential primary vertex �nder). This is thebest 
hoi
e in this 
ase, sin
e the adaptive vertex �t 
an help (down-weighting outliers) onlyif more than two tra
ks are available in the �t. In order to avoid numeri
al problems andspeed up the �t 
onvergen
e, the �t is initialised by using the 3d seed �nder introdu
ed inSe
tion 5.4.2. The mean point on the axis representing the minimum distan
e between thetwo tra
ks is used as an initial estimate for the vertex position. The �t is 
onsidered as having
onverged if, after a new iteration of the Kalman update steps, ∣∣χ2
new − χ2

old

∣∣ < 0.001. No
onstraint on the two-tra
k mass is applied in the �t.Some properties of the two-tra
k verti
es are shown in Fig. 6.18. Tra
ks whi
h genuinelyform a vertex have a value for the Prob(χ2
vtx) provided by the vertex �t whi
h is quite �atlydistributed between 0 and 1. Wrong 
ombinations of tra
ks (whi
h do not form a real vertex)peak at low Prob(χ2

vtx), however, when the resolution does not allow to separate the two tra
ks,values of Prob(χ2
vtx) in proximity to one 
an still be rea
hed. Tra
ks from fragmentationhave an analogous behaviour, not be
ause they do not form a real vertex, but be
ause onea
h of the two tra
ks the requirement not to be 
ompatibility with the primary vertexhas already been applied. In addition, for all distributions presented here, the Prob(χ2

vtx)has already been required to be higher than 0.34%. The se
ond plot in the same �gureshows the probability of both tra
ks at the vertex to be simultaneously 
ompatible with theprimary vertex (by summing up the 
orresponding χ2
trk 
ontributions of Eq. 6.8). The two-tra
k verti
es formed by the residual tra
ks from fragmentation in light-jets 
learly peak athigher values of 
ompatibilities, however, due to the long non-Gaussian tails of the resolutionfun
tion, they extend even up to probabilities of 10−5 or less. Tra
ks from b- and c−hadronde
ays are more signi�
antly displa
ed. Random 
ombinations of tra
ks whi
h happen to be
ompatible with a single vertex are in between. The third plot of Fig. 6.18 shows the �ightlength signi�
an
e distribution. This distribution is signi�
antly 
orrelated with the se
ond,
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Figure 6.18: Top left distribution: vertex probability of two-tra
k verti
es. Top right distribution: probabilitythat both tra
ks �tted in a vertex are 
ompatible with the primary vertex. Bottom distribution: distan
ebetween primary vertex and two-tra
k verti
es, divided by �t error, after the requirement on Prob(χ2
trk1 +

χ2
trk2) < 10−2 has already been applied.but also o�ers additional dis
rimination power. The reason is that the lifetime signi�
an
eevaluates the 
ompatibility of the tra
ks to the primary vertex only along the dire
tion of�ight in whi
h the two-tra
k vertex is pointing, under the hypothesis that the two tra
ks forma single vertex, while the lateral displa
ement of the single tra
ks with respe
t to the primaryvertex is not 
onsidered anymore. While the latter is usually more powerful, the �ight lengthsigni�
an
e 
an still provide some additional dis
rimination power.After the two-tra
k verti
es are re
onstru
ted, the following additional sele
tion 
riteria areapplied:
• Prob(χ2

trk1 + χ2
trk2)< 10−2

• dist3D/σ(dist3D) > 1.5

• (~r2tr−vtx − ~rPV ) · ~pjet > 0
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• |IPrφ| < 3.5 mm and |IPz | < 5 mmThese requirements are very loose and are intended to keep the highest possible amount ofreal displa
ed verti
es.After su
h a sele
tion, the two-tra
k verti
es in light jets are dominated by:1. hadroni
 intera
tions in the layers of the inner dete
tor (Fig. 6.19)2. remaining tra
ks from fragmentation (visible in Fig. 6.19 at small radii)3. K0

S mesons de
aying into a pair of oppositely 
harged pions (Fig. 6.20)4. Λ baryons de
aying into a proton and a negative 
harged pion (Fig. 6.21)5. photons 
onverting into ele
tron-positron pairs (Fig. 6.22)In all distributions of the sele
ted two-tra
k verti
es both the 
ontribution from light and from
b-jets is shown. All distributions are normalised to the overall number of sele
ted two-tra
kverti
es in b- and light jets. However, after the vertex sele
tion 
uts, the average number oftwo-tra
k verti
es in light jets is around 0.12, while it is 3.7 in b-jets and 0.54 in c-jets. So, ifone would normalise the distributions to the average number of expe
ted two-tra
k verti
es,the distributions for light jets would need to be res
aled by a fa
tor of 30 lower with respe
tto b-jets.Examining the radial distributions of the two-tra
k verti
es in Fig. 6.19 in more detail,some peaking stru
tures (in parti
ular in light jets) are 
learly visible, 
orresponding to thepositions in spa
e where the hadroni
 intera
tions are more likely to o

ur, i.e. where layersof material are present in the dete
tor (see Fig. 3.3). The �rst two peaks at a de
ay radiusof ≈ 3 
m refer to the two-layer stru
ture of the beam pipe8. The �rst pixel layer, usually
alled b-layer, is broader (sin
e the stru
ture is not 
ir
ular, but the radius depends on theazimuthal angle φ) and situated at around 5 
m. The se
ond pixel layer is visible at around9 
m, while a further small peak is visible at a radius of 7 
m, most probably due to some pixelmodules support stru
tures. The resolution of hadroni
 intera
tions is in general very good,sin
e tra
ks 
oming out of them have reasonable transverse momenta and, more importantly,the two tra
ks pi
ked up by the two-tra
k verti
es (out of in general many more than just twotra
ks) have a signi�
ant opening angle with respe
t to ea
h other.The 
orresponding distribution in b-jets shows the expe
ted distribution of two-tra
k ver-ti
es originating mainly from b- and c−hadron de
ays, whi
h essentially wash out the few
andidates expe
ted from hadroni
 intera
tions. Most of the b- and c-hadrons de
ay at fewmm radius, well inside the beam pipe. This is the 
ase only for jets of up to 150-200 GeV intransverse momentum, as 
onsidered in this study (sin
e the average transverse de
ay radiusis proportional to pT/m). To redu
e the 
ontamination from hadroni
 intera
tions one 
anreje
t tra
ks belonging to two-tra
k verti
es 
orresponding to verti
es in 
orresponden
e ofpixel layers. This is however only reasonable if this does not remove a too high amount oftra
ks from b-jets, whi
h would later redu
e the vertex re
onstru
tion e�
ien
y. Therefore,only tra
ks of two-tra
k verti
es 
orresponding to intera
tions in the �rst and se
ond layer ofthe pixel dete
tor are �agged as originating from material intera
tions.The invariant mass distribution for two-tra
k verti
es, assuming the mass of the two de-
aying parti
les to be the pion mass (Fig. 6.20) and sele
ting only verti
es with oppositely
harged tra
ks, shows that K0

S mesons 
an be re
onstru
ted very well. A 
lear peak is seen8The double-layer stru
ture of the beam pipe is an artifa
t of the simulation, whi
h will be 
orre
ted in newversions of the dete
tor geometry.
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Figure 6.19: Radial distan
e of sele
ted two-tra
k verti
es from the intera
tion region, in bothlight- and b-jets. The intera
tions in the beampipe and in the various pixel layers are 
learlyvisible.
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Figure 6.20: Invariant mass distribution of allsele
ted two-tra
k verti
es, in both light- and b-jets, under the hypothesis of pion masses for boththe de
aying parti
les. Only 
ombinations of op-positely 
harged tra
ks are 
onsidered here.
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Figure 6.21: Invariant mass distribution of allsele
ted two-tra
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aying parti
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harged parti
le tra
k with thelargest momentum).
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Figure 6.22: Invariant mass distribution of allsele
ted two-tra
k verti
es, in both light- and b-jets, under the hypothesis of ele
tron masses forboth de
aying parti
les.on top of ba
kground 
oming from other sour
es of two-tra
k verti
es. In b-jets the K0
S peakis seen only as a small peak on top of a large 
ontinuum ba
kground of two-tra
k verti
esrepresenting a subset of the b- and c-hadron de
ay produ
ts in a 
ertain jet. In addition, thesmall peak is formed both by prompt K0

S mesons and by K0
S mesons emitted through the b-or c-hadron de
ay, where it would be 
onvenient only to remove the �rst ones. Additionalseparation 
riteria will therefore be needed to distinguish these three 
ategories further. Asimilar separation is desirable also for Λ baryons, where the fra
tion of Λ baryons in b-jetsis negligible, but the removal of Λ baryons would again remove some two-tra
k verti
es 
or-
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e 129responding to good tra
ks from b- and c-hadron de
ays. The situation is a bit better for
onversions (Fig. 6.22), where an upper 
ut on the invariant mass removes only a very smallfra
tion of nearly 
ollinear tra
ks from b- and c-hadron de
ays.6.7.3 Expli
it re
onstru
tion of neutral parti
lesTwo-tra
k verti
es whi
h are likely to represent a neutral parti
le are further pro
essed. Be-yond the general sele
tion 
uts for two-tra
k verti
es illustrated in the previous se
tion, addi-tional sele
tion 
riteria are de�ned to sele
t 
onversions, K0
S and Λ baryons, as illustrated inthe following. As an ex
eption, in order not too lose too many neutral 
andidates, the impa
tparameter 
uts are loosened to |IPrφ| < 7 mm and |IPz| < 10 mm. The additional sele
tion
riteria for 
onversions are:

• oppositely 
harged tra
ks;
• m(e+e−) < 30 MeV,while for K0

S mesons and Λ baryons they are:
• opposite 
harged tra
ks;
• |m(π+π−) − 497.6 MeV| < 18 MeV (for K0

S mesons only);
• |m(pπ−) − 1115.7 MeV| < 30 MeV (for Λ baryons only);
• Prob(χ2

trk1 + χ2
trk2)< 10−4;

• Prob(χ2
trk1,2)< 10−3 (on the single tra
ks);

• dist3D/σ(dist3D) > 4.5;
• radius(vtx) > 2 
m OR at least one tra
k with |d0| > 1 mm and |z0| > 2 mm.
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Figure 6.23: Mean and width of a binned likelihood �t to the m(π+π−) (left plot) and m(pπ−) (rightplot) distributions in proximity of the K0
S (or Λ) peak, with a likelihood model given by a superposition of aGaussian fun
tion and a �rst order polynomial.
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uts applied for K0
S and Λ parti
les are based on the a
hievable invariantmass resolution, whi
h is studied more in detail in Fig. 6.23 (all remaining spe
i�
 sele
tion
uts for neutral 
andidates have been applied here). The re
onstru
ted means are 
ompatiblewith the PDG world averages [71℄ within statisti
al un
ertainties. The width for the 
uts havebeen 
hosen for the K0

S peak at around 2.2σ and for the Λ peak at 3.4σ around the nominalvalues. While it is sensible to 
hoose a larger interval when the resolution is smaller, sin
e asmaller amount of ba
kground 
an pass through, it should be stressed that these values werenot optimised and 
ould be thus re�ned.While in the 
ase of 
onversions, the amount of wrongly sele
ted two-tra
k verti
es from b-and c-hadron de
ays and thus of potentially fake neutral 
andidates is relatively low, in the
ase of K0
S and Λ de
ay verti
es it is non-negligible. Therefore in the latter 
ase, a neutral
andidate is a

epted only when either the de
ay radius is higher than 2 
m (sin
e most ofthe two-tra
k verti
es from b-jets 
an be found at smaller radii, as demonstrated in Fig. 6.19)or when at least one of the two tra
ks at the vertex does not pass the tight impa
t parameter
uts of Table 6.4.

pneu

PV

ptrk1

ptrk2

Figure 6.24: S
hemati
 view of how a neutral tra
k is 
reated out of a two-tra
k vertex and then extrapolatedto the primary vertex.On
e 
onversions, K0
S mesons and Λ baryons are identi�ed, a neutral tra
k is 
reated outof them (Fig 6.24). A neutral tra
k is a mathemati
al artifa
t in the ATLAS re
onstru
tionsoftware whi
h permits to handle su
h a neutral obje
t with the same tools usually used for
harged tra
ks. The neutral tra
k is de�ned through a position in spa
e (the de
ay vertex)and the momentum at the de
ay vertex, plus the 
omplete position / momentum 
ovarian
ematrix, whose extra
tion requires some 
are. The momentum of the neutral tra
k is set tothe sum of the two-tra
k momenta de�ned at the vertex position, but with the additional
onstraint that the two tra
ks have to pass through the �tted vertex: this information isprovided during the smoothing step by the Kalman based two-tra
k vertex �t. The vertex
onstraint has the e�e
t of 
orrelating the vertex position with the momentum at the vertexboth of the �rst and the se
ond tra
k. In prin
iple, to take these 
orrelations into a

ount, the
omplete 9x9 �t 
ovarian
e matrix, with vertex position, momentum of �rst and se
ond tra
k,is needed. However, in the 
ase the only 
orrelation between the two tra
ks in the �t 
omesfrom the 
orrelation of the single tra
ks momenta with the vertex position, the 
orrelation
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e 131matrix between the two tra
ks 
an be re
overed a-posteriori, by simple propagation of the
orrelation matri
es of the tra
ks momenta with the vertex position and of the vertex positionitself:
COV (~ptrk1, ~ptrk2) = COV (~ptrk1, ~r)COV −1(~r,~r)COV (~r, ~ptrk2). (6.21)On
e all 
ovarian
e matri
es are available, the 
omplete 
ovarian
e matrix for [~r, ~pneu] 
an beobtained using error propagation (in the full matrix formalism) starting from [~r, ~ptrk1, ~ptrk2]and COV~r,~ptrk1,~ptrk2

. The result 
an be then easily translated into the 5 parameters perigeerepresentation of a neutral tra
k.In this way the neutral tra
k is fully de�ned. If it 
orresponds to a neutral parti
le origi-nating dire
tly from the primary vertex, it should have a small impa
t parameter, even if theimpa
t parameters of the two tra
ks at the de
ay vertex were very large. The impa
t param-eters 
an be obtained, exa
tly as in the 
ase of a 
harged tra
k, by extrapolating the tra
k tothe point of 
losest approa
h in the transverse plane to the primary vertex. The extrapolationtool of the ATLAS re
onstru
tion software will re
ognise that the tra
k is of neutral natureand will avoid to bend it as an e�e
t of the magneti
 �eld. As a result the new tra
k param-eters d0, z0, φ, θ, 1/p and related 
ovarian
e matrix are obtained, where, as explained at thebeginning of Se
tion 5.3.4, the parameter q/p of the 
harged parametrisation is substitutedby 1/p. The impa
t parameters are, again as in the 
harged 
ase, d0 and z0 · sin(θ), in the
x-y and rφ-z planes, respe
tively. The two impa
t parameters 
an be again 
ombined intoa single χ2 dis
riminator with two degrees of freedom, expressing the 
ompatibility with theprimary vertex.In order to validate the re
onstru
tion of neutral parti
les, the re
onstru
ted neutral tra
k
andidates, in terms of impa
t parameters, parti
le momenta and their asso
iated un
er-tainties, have been 
ompared with their related Monte Carlo truth based quantities. Thisvalidation is shown in the appendix in Se
tion B.2. As a result, it 
an be 
on
luded that thetra
k parameters and their asso
iated errors are 
orre
tly estimated.The impa
t parameter signi�
an
e or the 
ombined χ2 value expressing the 
ompatibilityof the neutral tra
k to the primary vertex 
an be used to further separate neutral 
andidateswhose origin lies in the primary vertex and either real neutral 
andidates or fake 
andidatesoriginating in b or c-hadron de
ays. For K0

S mesons the impa
t parameter signi�
an
e dis-tributions are shown in Fig. 6.25, while the 
ombined Prob(χ2) distributions are shown inFig. 6.26. The impa
t parameter signi�
an
es have been signed with the three-dimensionallifetime sign of Eq. 6.3. The analogous distributions for 
onversions are shown in Figs. 6.27and 6.28.For both K0
S mesons and 
onversions a relative good separation 
an be obtained betweenprompt 
andidates and the remaining real or fake 
andidates from b or c-hadron de
ays. Due tothe non-Gaussian tails in the impa
t parameter signi�
an
e distribution from prompt tra
ks,the Prob(χ2) is not perfe
tly �atly distributed, but analysing for example Log10

(
Prob

(
χ2
)),it 
an be seen that a good dis
rimination between the two mentioned 
omponents is stillpossible. At the same time it turns out to be mu
h more di�
ult to separate real from fake
andidates from b/c-de
ays, whi
h are found in b-jets with a ratio of nreal/nfake ≈ 0.5.Exploiting this new information, tra
ks 
orresponding to 
onversions, K0

S and Λ parti
leswhose impa
t parameter is 
ompatible with the primary vertex (with χ2 < 36, 
orrespondingto Prob(χ2) > 10−7.8) are �agged as neutral 
andidates really originating from the primaryvertex. In the 
ase of K0
S mesons and Λ baryons, the remaining ones are �agged as neutraltra
ks to be dire
tly used later in the b/c-de
ay 
hain �t, but, in order to redu
e the 
on-tamination of fake 
andidates from heavy hadron de
ays, the neutral 
andidates without atleast one tra
k failing the tight impa
t parameter 
uts (|d0| < 1 mm and |z0 · sin(θ)| < 2 mm)
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Figure 6.25: Distribution of the transverse (left) and longitudinal (right) impa
t parameter signi�
an
es for
K0

S mesons, separately for prompt K0
S mesons in light-jets, K0

S mesons from b/c-hadron de
ays and for fake
andidates 
orresponding to tra
ks arising dire
tly from b- or c-hadron de
ays in b-jets.
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Figure 6.26: Distribution of Prob(χ2) (
ompatibility to the primary vertex) for K0
S mesons, separately forprompt K0

S mesons in light-jets, K0
S mesons from b/c-hadron de
ays and for fake 
andidates 
orresponding totra
ks arising dire
tly from b or c-hadron de
ays in b-jets. The Prob(χ2) distribution is shown with a linears
ale on the x-axis (on the left) and with a logarithmi
 s
ale (on the right).are removed from the neutral parti
le 
andidates. This requirement redu
es the K0

S and Λre
onstru
tion e�
ien
y by a fa
tor of ≈ 4 and brings the ratio of real to fake verti
es toapproximately nreal/nfake ≈ 1.6.When used later in the b/c multi-vertex �t, neutral tra
ks are inferior 
ompared to 
hargedtra
ks in terms of impa
t parameter resolution in both transverse and longitudinal dire
tions(Fig. 6.29), but 
an still provide a useful additional 
onstraint on the b/c vertex de
ay po-sitions. The vertexing algorithms were designed to transparently handle both neutral and
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Figure 6.27: Distribution of transverse (left) and longitudinal (right) impa
t parameter signi�
an
es for
onversions, separately for prompt 
onversions in light-jets, 
onversions from b/c-hadron de
ays and for fake
andidates 
orresponding to tra
ks arising dire
tly from b or c-hadron de
ays in b-jets.
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Figure 6.28: Distribution of Prob(χ2) (
ompatibility to the primary vertex) for 
onversions, separately forprompt 
onversions in light-jets, 
onversions from b/c-hadron de
ays and for fake 
andidates 
orresponding totra
ks arising dire
tly from b or c-hadron de
ays in b-jets. The Prob(χ2) distribution is shown with a linears
ale on the x-axis (on the left) and with a logarithmi
 s
ale (on the right).
harged tra
ks. The only real 
hange needed in JetFitter is during the inizialiation phase ofthe �t, when the initial positions of the single-tra
k verti
es along the initial b-�ight axis aredetermined. In the 
ase of a neutral tra
k, the minimum distan
e between the �ight axisand the neutral tra
k needs to be determined: this involves the distan
e between two straighttra
ks, instead of a straight and a 
harged tra
k. The former is however even simpler thanthe latter, sin
e the minimum distan
e between two straight lines 
an be easily 
omputedanalyti
ally.
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Figure 6.29: Distributions of transverse (left) and longitudinal (right) impa
t parameter un
ertainties fordispla
ed neutral and 
harged tra
ks sele
ted in b-jets, used later in the b → c-hadron de
ay 
hain �t. Mostof the neutral tra
ks 
orrespond to K0
S and Λ 
andidates.6.7.4 Final sele
tion of tra
ks and �nding pro
edureHere the overall strategy used to sele
t tra
ks to be used in the PV → b- → c-hadron de
ay
hain �t is summarised brie�y.After the initial tra
k sele
tion (Se
tion 6.7.1), all possible two-tra
k verti
es are re
on-stru
ted, a

ording to the sele
tion 
riteria de�ned in Se
tion 6.7.2. Two-tra
k verti
es havinga de
ay radius 
orresponding to the radial position of the �rst or the se
ond layer of the pixeldete
tor are �agged as being produ
ed by hadroni
 intera
tions. At the same time, usingdi�erent sele
tion 
riteria, neutral parti
les, 
orresponding either to 
onversions, K0

S mesonsor Λ baryons, are re
onstru
ted (Se
tion 6.7.3), and, using the impa
t parameter informationof the asso
iated neutral tra
ks, they are separated into prompt parti
les and into se
ondaryneutral tra
ks most likely originating from b/c-hadron de
ays.In addition to tra
ks 
orresponding to two-tra
k verti
es, additional single tra
ks (notatta
hed to any of the sele
ted two-tra
k verti
es) passing tighter sele
tion 
riteria are also
onsidered:
• |IPrφ| < 1.5 mm and |IPz | < 3 mm
• pT > 750 MeV
• Prob(χ2

PV ) < 5% (< 1%) for sign > 0 (sign < 0),Afterwards, the real vertex �nding pro
edure with JetFitter (Se
tion 6.6.3) is started:
• A �rst de
ay 
hain �t is performed only with the tra
ks 
orresponding to the sele
tedtwo-tra
k verti
es, after removing those �agged as material intera
tions and as promptneutral parti
les and after adding the additional se
ondary neutral tra
ks �agged asoriginating from b/c-hadron de
ays.
• A se
ond de
ay 
hain �t is performed, on top of the result of the �rst de
ay 
hain �t,by using also the additional sele
ted single tra
ks.
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ondary vertex finders 135The 
lustering pro
edure is then started, a

ording to the �nding strategy outlined inSe
tion 6.6.3, in order to determine the de
ay 
hain topology. The 
omplete �t result isstored, to be used later for b-tagging. The event data model used to store this information inthe ATLAS event output and, in general, the way the JetFitter �nding and �tting algorithmsare implemented in the ATLAS re
onstru
tion framework are des
ribed with some detail inthe appendix in Se
tion B.3.6.8 Geometri
al performan
e of the se
ondary vertex �ndersIn this Se
tion, the performan
e of the in
lusive se
ondary vertex re
onstru
tion algorithmsas des
ribed in Se
tion 6.5 and 6.6 is dis
ussed. Both the in
lusive se
ondary vertex �nder andthe JetFitter algorithms are applied on jets re
onstru
ted in a sample of WH (with H → bb̄,
uū and cc̄) and tt̄ events.Table 6.7 shows the rate of re
onstru
ted se
ondary verti
es in b-, c-and light quark jets inbins of jet transverse momentum and pseudo-rapidity for both se
ondary vertex re
onstru
tionalgorithms, as obtained on the tt̄ and WH samples. In order to make a 
omparison possible,in the 
ase of the JetFitter algorithm a se
ondary vertex is 
onsidered as found in the eventonly if at least one vertex with two or more asso
iated tra
ks was re
onstru
ted. De
ay 
hainswith two single-tra
k verti
es are left out of this 
omparison.Above a 
ertain transverse momentum, the fra
tion of b-jets where a se
ondary vertex isre
onstru
ted, for both algorithms, approa
hes approximately a 
onstant value around 75 −
80%, while the number of verti
es re
onstru
ted in light-jets signi�
antly in
reases with higherjet transverse momentum. These e�e
ts have to do with the ability to separate real or fakese
ondary tra
ks from the primary vertex: 
harged parti
le tra
ks from se
ondary parti
les aresele
ted, as des
ribed in the previous se
tions, a

ording to their impa
t parameter signi�
an
ewith respe
t to the primary vertex.In the 
ase of b-jets, the impa
t parameters of the tra
ks originating from displa
ed b- and
c-hadron verti
es and the vertex �ight length signi�
an
e are nearly invariant under Lorentzboost; however, the transverse momenta of se
ondary parti
les in
rease with the transversemomentum of the original b-quark and thus the error on both the impa
t parameter and onthe �ight length de
reases, in
reasing progressively the fra
tion of 
ases where a se
ondaryvertex from b/c-hadron de
ays 
an be distinguished from the primary vertex.0< |η| <0.5 0.5< |η| <1.0 1.0< |η| <1.5 1.5< |η| <2.0 2.0< |η| <2.5

pT [GeV℄ b 
 l b 
 l b 
 l b 
 l b 
 l15�30 50.0 13.3 1.3 49.0 13.6 1.3 47.4 11.6 1.2 43.2 10.4 1.3 34.1 8.0 1.455.4 18.0 2.0 54.4 17.4 1.8 52.6 15.4 1.8 48.7 13.3 1.9 39.5 11.1 2.230�50 66.9 21.0 2.5 65.9 19.9 2.3 63.6 19.3 2.3 58.8 15.6 2.7 50.3 14.1 3.071.4 26.1 3.8 70.6 24.6 3.2 68.7 24.2 3.4 63.7 19.8 3.7 56.2 18.2 4.650�80 74.2 25.9 3.8 73.7 24.7 3.6 71.5 23.7 3.7 66.5 21.2 4.3 59.7 18.6 5.277.3 30.6 5.5 76.6 29.4 4.7 74.3 27.4 4.9 69.6 24.4 5.8 63.6 22.9 6.980�120 77.8 30.7 5.7 77.3 29.3 5.4 75.2 27.7 5.4 70.8 25.5 6.2 64.2 24.4 7.479.1 34.8 7.8 78.4 32.3 6.8 76.6 31.2 6.9 72.2 28.3 7.8 65.9 25.7 9.8120�200 78.8 34.2 8.5 77.4 31.6 8.0 76.0 31.0 8.4 70.1 29.8 9.5 63.0 26.7 11.679.5 37.2 11.2 78.3 34.5 10.1 76.1 34.5 10.1 70.2 30.5 11.7 63.5 28.7 14.2Table 6.7: The fra
tion of jets with at least one re
onstru
ted se
ondary vertex passing the sele
tion 
riteriato be used by the b-tagging algorithms in b-, 
- and light quark jets for the in
lusive se
ondary vertex �nder(top) and JetFitter (bottom). These numbers, given in per
ent, have been obtained on the WH and tt̄ samples.The rising amount of fake verti
es in light quark jets with in
reasing jet transverse mo-menta is partly due to the nature of the fragmentation pro
ess in light quark jets, whi
hprodu
es a higher number of tra
ks 
oming from the primary intera
tion vertex the higherthe transverse jet momentum is: in fa
t, being the probability for a re
onstru
ted primary



136 6 Identifi
ation of b-quark jetstra
k to yield an outlying impa
t parameter measurement approximately 
onstant in pT upto a �rst approximation, the probability of having one or more 
harged parti
les tra
k whi
hmimi
 the presen
e of se
ondary parti
les in
reases roughly linearly with the amount of pri-mary tra
ks. The real se
ondary verti
es produ
ed in light quark jets, like 
onversions andV0 de
ays, represent an additional sour
e of displa
ed tra
ks in light jets.The dependen
e of the vertex re
onstru
tion e�
ien
y on the jet pseudo-rapidity is mainlya 
onsequen
e of the di�erent resolutions whi
h 
an be a
hieved in di�erent regions of theinner dete
tor: at in
reasing rapidities, the tra
k resolutions in proximity of the intera
tionpoint get worse, the tra
k re
onstru
tion e�
ien
y starts to de
rease and the amount of badlyre
onstru
ted tra
ks rises.15< pT <30 30< pT <50 50< pT <80 80< pT <120 120< pT <200b 
 l b 
 l b 
 l b 
 l b 
 lNothing 30.0 66.8 89.0 17.5 56.6 84.4 12.8 51.0 81.1 10.9 45.5 77.4 10.3 42.2 71.21 Single Tra
k 17.0 16.9 8.8 12.8 18.9 11.6 10.9 19.8 13.0 10.0 21.2 14.3 10.2 21.0 16.32 Single Tra
ks 1.6 0.7 0.2 1.9 1.0 0.3 2.2 1.3 0.5 2.8 1.7 0.8 3.3 2.5 1.21 Single Vertex 44.0 14.8 1.9 53.0 21.6 3.4 52.8 25.1 4.9 49.5 27.6 6.7 45.2 28.2 9.61 Vertex + 1 Tra
k 5.7 0.8 0.07 10.7 1.6 0.2 14.7 2.5 0.4 18.2 3.5 0.8 21.3 5.2 1.42 Verti
es 1.6 0.08 0.00 4.1 0.2 0.01 6.6 0.3 0.03 8.6 0.6 0.09 9.6 0.9 0.20.0< |η| <0.5 0.5< |η| <1.0 1.0< |η| <1.5 1.5< |η| <2.0 2.0< |η| <2.5b 
 l b 
 l b 
 l b 
 l b 
 lNothing 14.3 54.4 89.3 15.1 55.8 89.1 16.6 56.9 88.2 20.0 60.2 87.0 25.3 63.5 86.31 Single Tra
k 10.7 18.0 7.6 11.0 18.1 8.0 12.2 18.7 8.7 14.4 19.1 9.7 17.2 18.8 10.12 Single Tra
ks 2.2 1.2 0.3 2.3 1.2 0.3 2.3 1.1 0.3 2.5 1.3 0.3 2.5 1.2 0.31 Single Vertex 49.8 23.5 2.6 50.2 22.3 2.4 49.7 21.0 2.5 47.1 17.4 2.8 42.4 14.7 3.01 Vertex + 1 Tra
k 15.8 2.5 0.2 14.7 2.3 0.2 13.5 2.1 0.2 11.6 1.8 0.2 9.4 1.5 0.32 Verti
es 7.3 0.4 0.03 6.7 0.4 0.02 5.7 0.3 0.03 4.3 0.3 0.02 3.1 0.2 0.02Table 6.8: Population of the di�erent spe
i�
 de
ay 
hain topologies re
onstru
ted by JetFitter applying thevertex re
onstru
tion on b-, c- and light quark jets, shown as a fun
tion of pT (GeV) in the top table and asa fun
tion of η in the bottom table. These numbers, given in per
ent, have been obtained on the WH and tt̄samples.As stated in Se
tion 6.6, the key feature of JetFitter is the ability to distinguish betweenseveral de
ay 
hain topologies, in addition to re
ognising the presen
e of a single in
lusivede
ay vertex. Table 6.8 shows the population of the various di�erent re
onstru
ted topologiesfor b-quark, c-quark and light-quark jets, as a fun
tion of the jet transverse momentum andpseudo-rapidity, while Table 6.9 illustrates the average behaviour.The fra
tions of b-jets and light jets landing in the di�erent 
ategories of vertex topologiesshow that most of the gain a
hievable with JetFitter in terms of b-jet identi�
ation perfor-man
e is provided by the `1 Vertex + 1 Tra
k` and `2 Verti
es` 
ategories, where, due tothe expe
ted di�erent relative population of the these topologies in b- and light-jets, a gain inreje
tion against light quark jets of a fa
tor ∼ 3-4 and ∼ 10 
an be obtained on approximately
∼ 14% and ∼ 6% of the re
onstru
ted b-jets, respe
tively. Another small improvement 
omesfrom the two single tra
k 
ategory, whi
h potentially gives a

ess to one prong b-/one prong
c-de
ays, whi
h the �t of a single se
ondary vertex misses 
ompletely: this however a�e
tsonly ≈ 2% of the b-jets, with a reje
tion this time around a fa
tor 2-3 lower than in the singlevertex 
ategory. The dependen
e on pT and η follows the same pattern as already des
ribedfor the in
lusive vertex re
onstru
tion.6.8.1 Vertex asso
iation e�
ien
y and purityAnother good 
riterion to estimate the algorithmi
 performan
e of the se
ondary vertex �ndersis to look at the:

• asso
iation e�
ien
y : fra
tion of the 
harged parti
les stemming from the de
ays of the
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b- or c-hadrons and re
onstru
ted as tra
ks in the inner dete
tor whi
h are 
orre
tlyasso
iated to a displa
ed vertex;

• asso
iation purity : fra
tion of the 
harged parti
le tra
ks assigned by the se
ondaryvertex �nders to one or more displa
ed verti
es whi
h are really stemming from b- or
c-hadron de
ays.A b-quark hadronizes into a b-hadron, whi
h then subsequently de
ays, most of the times,into one or more c-hadrons. The average 
harged parti
le multipli
ity at these de
ay verti
es asobtained from the Monte Carlo generator Pythia was analysed, where a minimum transversemomentum of 500 MeV was required for the 
harged parti
les. The de
ay produ
ts of astrongly de
aying c-hadron (e.g. D∗) are 
onsidered as stemming from the b-hadron vertex,while only the de
ay produ
ts of weakly de
aying c-hadrons are 
onsidered as stemming fromthe c-hadron vertex. The average 
harged parti
le multipli
ity of the in
lusive b/c-hadronvertex is ∼ 4.7, as shown in Fig. 6.30 (left), distributed in ∼ 2.3 
harged parti
les stemmingfrom the b-hadron vertex and ∼ 2.4 
harged parti
les stemming from the c-hadron vertex.Around 80% of the b- and c-hadron 
harged de
ay produ
ts are 
orre
tly re
onstru
ted astra
ks and pass the loose tra
k sele
tion 
uts (de�ned in Table 6.3): as shown in Fig. 6.30(right), the overall average 
harged parti
le multipli
ity de
reases to ∼ 3.8, the b-hadron de
aymultipli
ity to ∼ 1.8 and the c-hadron de
ay multipli
ity to ∼ 2.
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Figure 6.30: Average 
harged parti
les de
ay multipli
ity of the b- and/or 
-hadrons at generator level (onthe left), 
ompared with the amount of 
harged parti
les stemming from the b- and/or 
-hadron verti
es re
on-stru
ted as tra
ks in the inner dete
tor and passing the loose tra
k sele
tion 
riteria de�ned in Table 6.3 (on theright). The normalisation of the histograms re�e
ts the available Monte Carlo statisti
s. The WH(H → bb̄)sample has been used here.In order to strongly redu
e the 
ontamination of the re
onstru
ted se
ondary verti
es byother 
harged parti
les arising from the jet, in parti
ular those produ
ed dire
tly by the frag-mentation pro
ess and thus originating from the primary intera
tion point, tra
ks stemmingfrom the b- or 
-hadron verti
es, but not distinguishable from primary tra
ks, have to besuppressed, a

ording to the sele
tion pro
edure summarised in Se
tion 6.7.4. This furtherredu
es the b- and c-hadron de
ay produ
ts re
onstru
tion e�
ien
y, resulting in a 
ompro-mise between the highest possible e�
ien
y and a reasonable purity.
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ation of b-quark jetsAlgorithm Topology Population in b-jets Asso
iation e�
ien
y Asso
iation purityIn
lusive vertex �t 1 in
lusive B/D vertex 67 % 69 % 92 %1 tra
k + 1 tra
k 2.3 % 58 % 77 %JetFitter 1 vertex 48.8 % 76 % 92 %1 vertex + 1 tra
k 13.8 % 81 % 85 %2 verti
es 5.9 % 84 % 89 %Table 6.9: Tra
k asso
iation e�
ien
y and tra
k asso
iation purity, as de�ned in the text, for the two
onsidered se
ondary vertex �nders, a
ting on di�erent topologies, for whi
h also the relative population in
b-jets is shown. The WH(H → bb̄) sample has been used here.In Table 6.9 the tra
k asso
iation e�
ien
ies and purities of the displa
ed tra
ks stemmingfrom the b- or c- hadrons for the in
lusive se
ondary vertex �nder and for the JetFitteralgorithms are shown. While the �t of a single in
lusive b/c-hadron de
ay vertex allows toobtain a high purity, at the 
ost of starting to lose some tra
ks when the distan
e betweenthe b- and c-hadron verti
es starts to be relevant, the JetFitter algorithm is partially ableto re
over this ine�
ien
y, thanks to the ability of re
onstru
ting more 
omplex de
ay 
haintopologies, at the 
ost of a slightly lower purity.It is interesting to understand whether the di�eren
e seen between the behaviour of the�t of a single in
lusive vertex and the de
ay 
hain �t 
an be understood in terms of the realdistan
e between the weakly de
aying b- and c-hadrons and in terms of the experimentalresolutions of their respe
tive tra
ks. First, the number of tra
ks arising from b- and c-hadronde
ays, after the loose tra
k sele
tion de�ned in Table 6.3 and after the tra
ks 
ompatible withthe primary vertex are removed a

ording to the additional 
riteria de�ned in Se
tion 6.7.1,are analysed, as shown in Table 6.10. As a �rst 
onsequen
e, in 27.5% of the b-jets no vertex
an be found, independently on the vertexing algorithm, while in around 5% and 15% of 
asesonly respe
tively a single b- and c-vertex 
an be found. In these 
ases the de
ay 
hain �t hasnearly no advantage and is fully equivalent to a single-vertex �t9.Category Population Resultno sele
ted tra
ks from B or D 27.5% no vertex 
an be found

≥ 2 tra
ks from B 5.3% single b-vertex
≥ 2 tra
ks from D 15.6% single c-vertex

≥ 1 tra
ks from both B and D 51.5% further analysed in Table 6.11Table 6.10: Categories de�ned a

ording to the amount of tra
ks from b- or c-hadron de
ays. The WH(H →
bb̄) sample has been used here.The remaining ≈ 52% of b-jets is further analysed in Table 6.11. Here the various possibletopologies of the true b → c-hadron de
ay 
hains are listed and their degree of 
ompatibilitywith a single vertex. If the 
ompatibility is better than 1%, the de
ay 
hain is assumed tobe indistinguishable from a single vertex, and again the single-vertex �t 
an be 
onsideredperfe
tly equivalent to the de
ay 
hain �t, while if this 
ompatibility is below 0.1% it isassumed that the two verti
es 
an be e�
iently separated in the de
ay 
hain �t. Consideringall fra
tions where a single vertex �t is still good enough, this a

ounts for an additionalfra
tion of 31% of the b-jets, whi
h is given by summing up all 
ases where tra
ks from both b-and c-verti
es are present but they 
annot be e�
iently distinguished (Prob(χ2

singlevtx) > 1%).9An ex
eption is given by single-tra
k verti
es found in the de
ay 
hain �t out of the interse
tion of a singledispla
ed tra
k and of the jet axis, whi
h however are only very weakly 
onstrained and are therefore quitefrequently found also in light-jets
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ks from Tra
ks from Population Single good vertex Single loose vertex Separation possible
b-hadron c-hadron (Prob(χ2

vtx) > 1%) (Prob(χ2
vtx) > 0.1%) (Prob(χ2

vtx) < 0.1%)1 1 10.7% 77% 84% 16%
> 1 1 9.5% 66% 73% 27%1 > 1 15.3% 56% 63% 37%
> 1 > 1 16.1% 49% 57% 43%Table 6.11: Categories with ≥ 1 tra
k originating from b and c-hadron verti
es and degree of 
ompatibility(in terms of Prob(χ2

vtx) with a single vertex �t. The WH(H → bb̄) sample has been used.By using a looser vertex probability requirement (Prob(χ2
singlevtx) > 0.1%), whi
h is what boththe in
lusive vertex �nder and JetFitter do, this fra
tion 
an be in
reased to ≈ 35%. In theremaining 17% of 
ases the de
ay 
hain �t has a 
lear advantage over the single-vertex �t, intwo respe
ts:

• In ≈ 15% of b-jets a vertex plus an additional tra
k or two verti
es are found10. Thisadditional tra
k or vertex is lost in the in
lusive single-vertex �t (this is the reason forthe higher asso
iation e�
ien
ies seen in Table 6.9).
• In another ≈ 2% of 
ases, two single tra
ks along the b-�ight axis are re
onstru
ted11.These 
andidates are 
ompletely lost in the single-vertex �t.As a result the in
lusive vertex �nder should �nd a single in
lusive vertex �nder in ≈ 71%of b-jets: in a subset of this fra
tion, ≈ 15%, it will however lose one or more tra
ks from

b/c-de
ays. The de
ay 
hain �t is expe
ted to �nd a single vertex in ≈ 56% of b-jets, asingle vertex and an additional tra
k in ≈ 8% of b-jets, two verti
es in ≈ 7% of b-jets andtwo single-tra
k verti
es in ≈ 2%. With respe
t to this study, some additional sele
tionrequirements are applied both in the in
lusive se
ondary vertex and in the de
ay 
hain �t(a

ording to Se
tion 6.7.4), whi
h are di�
ult to de
ouple from the �nding pro
edure itself.This 
onsidered, these numbers 
an explain relatively well the fra
tion of di�erent topologiesin b-jets found by the in
lusive vertex �nder and by JetFitter (Table 6.9), with the 
learex
eption of the relative fra
tion of '1 vertex' and '1 vertex + 1 tra
k' topologies. In parti
ular,in this 
ase, it has been 
he
ked that some of the 
andidates whi
h should go into the thesingle-vertex 
ategory gain one tra
k either from 
onversions, K0
S or Λ mesons, or dire
tlyfrom fragmentation, and migrate into the '1 vertex + 1 tra
k' 
ategory.6.8.2 Separation and resolution of b/c-de
ay verti
esIn the 
ase JetFitter �nds a single vertex, its position will be typi
ally in between the positionof the real b-hadron vertex and the real c-hadron vertex. This is 
on�rmed by Fig. 6.31, wherethe re
onstru
ted vertex is expe
ted to peak at 0 when it 
onverges to the b-hadron de
ayvertex or at 1 in 
ase it 
onverges to the c-hadron vertex. Up to the e�e
t of resolution,the vertex is always found between the b-hadron and c-hadron verti
es and, in a signi�
antfra
tion of 
ases, as expe
ted, it 
onverges either to the b- or c-hadron vertex.In the 
ase of all remaining de
ay 
hain topologies, two verti
es, with one or more tra
ks,are found: analysing the same kind of distributions as before, it 
an be easily investigatedhow well the two b- and c-hadron verti
es are separated in the de
ay 
hain �t (Fig. 6.32,10This 
orresponds to the last three lines of Table 6.11, 
onsidering only the fra
tion of 
ases whereProb(χ2

vtx) < 0.1%.11This 
orresponds to the �rst line of Table 6.11, 
onsidering only the fra
tion of 
ases where Prob(χ2
vtx) <

0.1%.
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Figure 6.31: Distribution of distan
es of the re
onstru
ted verti
es to the b-vertex along the b-�ight axis,divided by the distan
e between the b- and c-hadron verti
es, again proje
ted on the b-�ight axis, for the 
aseswhere de
ay 
hain �t ends up in a single vertex.left side). The vertex nearest to the primary vertex is taken as a 
andidate for the b-hadronvertex, the other one for the c-hadron vertex. Two peaks 
an be seen, whi
h means that theverti
es are in most 
ases separated fairly well and that the two vertex topology is 
orre
tlyre
onstru
ted by the de
ay 
hain �t. Both peaks have some tails towards the wrong de
ayvertex assignment: this is essentially due to the fa
t that the de
ay 
hain �t is not alwaysable to 
leanly disentangle the b- and c- verti
es, so that from time to time some tra
ks getshared between the two verti
es. In addition, for the c-hadron de
ay vertex 
andidates thereis a small very sharp arti�
ial peak at the b-hadron position: these 
andidates 
orrespond to
ases where there is no c-hadron vertex in the event, sin
e the distan
e for su
h non existing
c-hadron de
ay verti
es is set to dc-hadr = −100. In these few 
ases the b-hadron is a badlyre
onstru
ted vertex, in most of the times 
aused by one or more tra
ks from fragmentation,and the c-hadron position represents the real b-hadron de
ay vertex position. The subset of
ases where the asso
iation of the b- and c-hadron 
andidates to their respe
tive verti
es is
orre
t (purity of both verti
es higher than 80%) is analysed in Fig. 6.32 (right side), wherethe two b- and c-hadron peaks 
an be perfe
tly disentangled: this 
orresponds to about halfof the population with two vertex 
andidates.It 
an be noti
ed that, in the 
ase of the topologies with two verti
es, the b-hadron positionis biased towards smaller distan
es. The pulls of the identi�ed b- and c-hadron de
ay vertexpositions, for both the 
ases of one or two re
onstru
ted verti
es, is analysed in Fig. 6.33.In the 
ase of one re
onstru
ted vertex, the b-hadron pull has a big tail on the right dueto the c-hadron 
ontamination, while the c-hadron pull shows the same tail on the otherside. In the 
ase two verti
es are found in the de
ay 
hain �t, the bias on the pull for the
c-hadron vertex nearly disappears, while in the 
ase of the b-hadron vertex a small bias isseen to smaller values, together with quite a signi�
ant left tail. The fa
t that, even if twoverti
es are 
orre
tly re
onstru
ted in the jet, the pulls still do not have width equal to one,is most probably due to the fa
t that the hypothesis that the lateral displa
ement of the c-hadron de
ay vertex with respe
t to the b-hadron �ight path is not perfe
tly realised, biasingthe �t χ2 during the minimisation pro
edure. The reason why this 
auses a bias on the b-
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Figure 6.32: Distribution of distan
es of �rst and se
ond vertex re
onstru
ted in the de
ay 
hain �t to the
b-vertex along the b-�ight axis, divided by the distan
e between the b- and c-hadron verti
es, again proje
tedon the same axis. The same distribution is shown on the left for all topologies with two verti
es with at least1 tra
k ea
h, while on the right only 
andidates 
orresponding to topologies where the the tra
ks are 
orre
tlyasso
iated to the real b- and c-hadron de
ay verti
es are shown, as explained in the text.
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Figure 6.33: Distribution of residuals of the b- (left) and c-hadron (right) positions along the b-�ight axis,divided by their respe
tive �tted errors. In the 
ase of the one vertex 
ategory, the single �tted vertex positionis taken as a referen
e for both b- and c-hadron de
ay verti
es. For the 
ase of two re
onstru
ted verti
es,the �rst and se
ond vertex, ordered in in
reasing distan
es from the primary vertex, are taken as the b- and
c-hadron vertex 
andidates, respe
tively. The pulls are shown also for the 
ase the b- and c-hadron verti
eshave been 
orre
tly asso
iated to their respe
tive tra
ks.
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ay position, and not on the c-hadron de
ay position, is most probably that tra
ksoriginating from the c-hadron have a longer level arm (
orresponding to the distan
e from the
c-hadron de
ay position to the primary vertex) with respe
t to tra
ks originating from the
b-hadron: so, if the lateral displa
ement of the c-hadron with respe
t to the b-hadron �ightaxis is beyond the experimental resolutions (Fig. 6.12), the �t will in most 
ases try to pullthe b-hadron position towards the axis de�ned between the primary vertex and the c-hadronde
ay vertex position. It is worth stressing that for b-tagging appli
ations the most importantpoint is to distinguish the two verti
es, in order to disentangle di�erent topologies, and this- as demonstrated - works pretty well. However, in the 
ase the JetFitter algorithm will beused also for future b-physi
s appli
ations in ATLAS, it would be 
ertainly worth to revisethe �t formalism to in
lude the error due to the lateral displa
ement of the c-hadron withrespe
t to the b-dire
tion dire
tly into the �t.In order to get an idea of the overall a
hievable vertex resolution, Fig. 6.34 shows theresolution of the b-hadron de
ay vertex position, as obtained on a sample of WH events, bothfor single vertex and two verti
es topologies of the de
ay 
hain �t. For the latter 
ategory theweighted average position of the two verti
es has been 
onsidered as the b-hadron position.In both 
ases a signi�
ant tail on the right in the distributions 
an be observed, whi
h is dueto tra
ks originating from the c-hadron de
ay vertex: this tail nearly disappears, as expe
ted,if only verti
es with tra
ks originating from real b-hadron de
ays are 
onsidered, as shown inthe same �gure.
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Figure 6.34: Distribution of residuals of the re
onstru
ted three-dimensional �ight length with respe
t tothe real b-hadron �ight path. This is shown �rst for events where the de
ay 
hain �t returns a single vertex(both in
lusively and for real b-hadron verti
es) and, then, for events where the de
ay 
hain �t returns twoverti
es: when two verti
es are found, the resolution is 
omputed by 
onsidering a weighted average position.6.9 Se
ondary vertex b-tagging algorithmsIn this se
tion the appli
ation of the JetFitter vertex re
onstru
tion algorithm to b-taggingwill be illustrated. The information provided by the vertex re
onstru
tion algorithms need tobe 
ondensed in few variables, typi
ally 
hosen to be those whi
h show the best dis
riminationbetween b- and light or c-jets. Then a method needs to be de�ned to 
ombine these variables
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riminating variable.Before introdu
ing the new methods de�ned for the JetFitter algorithm, the method al-ready used in ATLAS for the single in
lusive vertex re
onstru
tion algorithm will be brie�ymentioned, too.6.9.1 Likelihood method based on a single in
lusive vertexThe result of applying the in
lusive vertex �nding algorithm des
ribed in Se
tion 6.5 on a jetis 
ondensed in the se
ondary vertex, if eventually found, and in its asso
iated tra
ks. Basedon this, the following dis
riminating variables are de�ned:1. The mass of the re
onstru
ted se
ondary vertex M ;2. The ratio of the total energy of tra
ks in
luded into the se
ondary vertex to the totalenergy of all tra
ks in the jet R;3. Number of a

epted (ex
luding V 0s or hadroni
 intera
tions) two-tra
k verti
es in thejet N .Sin
e this b-tagging algorithm was mainly intended to be used in 
ombination with the impa
tparameter based algorithms des
ribed in Se
tion 6.3, the three-dimensional distan
e betweenthe primary vertex and the se
ondary vertex is not used as an additional dis
riminatingvariable. In addition, the vertex re
onstru
tion e�
ien
y ǫb,l in b- or light-jets is also used asan additional information. Out of these four variables, a likelihood fun
tion is de�ned, bothfor b-jets and light-jets:
PDFb,l = (1 − ǫb,l) · δ(M,R,N) + ǫb,l · Fb,l(M,R)Gb,l(N) (6.22)The PDFs F and G for b- and light-jets are extra
ted from Monte Carlo, with the PDF F basedon the two 
ontinuous variables M and R obtained through the use of a multidimensionalsmoothing method, to take the 
orrelations between M and R properly into a

ount. Moredetails 
an be found in Ref. [75℄. This algorithm is usually denoted in ATLAS as SV1.6.9.2 Likelihood method based on JetFitterThe b-tagging algorithm implemented as an appli
ation of the de
ay 
hain �t operated byJetFitter is also based on separating b-jets from c- and light-quark (u,d,s) jets by means ofthe de�nition of a likelihood fun
tion.The de
ay topology is des
ribed by the following dis
rete variables:1. Number of verti
es with at least two tra
ks.2. Total number of tra
ks at these verti
es.3. Number of additional single tra
k verti
es on the b-hadron �ight axis.The vertex information is 
ondensed in the following variables:1. Mass: the invariant mass of all 
harged parti
le tra
ks atta
hed to the de
ay 
hain(
hara
terised by all multi- and single-tra
k displa
ed verti
es).2. Energy fra
tion: the energy of these 
harged parti
les divided by the sum of the energiesof all 
harged parti
les asso
iated to the jet.
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ation of b-quark jets3. Flight length signi�
an
e d
σ(d) : the weighted average vertex position along the �ight axisdivided by its error.While the latter three variables 
an be used to de�ne 
ontinuous PDFs, the former three
an be used to de�ne dis
rete PDFs. A �nite set of 
ategories 
an �rst be de�ned, whi
hare de�ned by spe
i�
 values of the three variables. A dis
rete PDF 
an be 
onsidered asa 
oe�
ient whi
h is a fun
tion of the 
onsidered 
ategories and expresses the probability,either for a b-, c- or light-jet, that the de
ay 
hain �t results in a 
ertain 
ategory. While thesimplest thing would be to de�ne a 
oe�
ient by the produ
t of three independent 
oe�
ientsin the three di�erent variables, like:

coeff (cat) = coeff (vertices) · coeff (tracks) · coeff (add. tracks), (6.23)this is not ideal sin
e it would 
onsider the three dis
rete variables as un
orrelated, whi
his absolutely unjusti�ed here. However, 
onsidering all three dis
rete variables as 
ompletely
orrelated, would require a number of 
oe�
ients equal to N1 ·N2 ·N3, where Ni is de�ned asthe number of possible 
ategories for variable i, whi
h is impra
ti
al. The adopted solution isto group 
ategories together when their distin
tion does not signi�
antly in
rease the overallseparation power and assuming, for spe
i�
 values of the Nvertices variable, the Ntracks and
Nadd. tracks variables to be un
orrelated. The spe
i�
 
ombinations for whi
h 
oe�
ientsare de�ned are illustrated in Table 6.12. This permits to redu
e the number of 
onsidered
oe�
ients for the topologies to 12, whi
h, in terms of number of degrees of freedom, isequivalent to a histogram with 13 bins of a 
ontinuous variable.

Nvertices Nadd.tracks Ntracks0 0
1
2

≥ 31 0
1

≥ 2




 ×





2
3
4

5 − 6
≥ 72 4
≥ 5Table 6.12: The table illustrates how the three dis
rete variables are 
ombined into 
ategories, 
orrespondingto 
ertain topologi
al 
on�gurations of the de
ay 
hain �t. In the subset of 
ases where one single vertex withat least two tra
ks (Nvertices) is present in the de
ay 
hain, the other two variables, the number of single-tra
kverti
es (Nadd. tracks) and the number of tra
ks at the vertex(i
es) (Ntracks), are 
onsidered as un
orrelated:in this 
ase their 
orresponding 
oe�
ients are just multiplied (whi
h is indi
ated by the symbol ×).The invariant mass is partially 
orre
ted for the presen
e of neutral parti
les at the b- or

c-hadron de
ay vertex, whi
h are not dire
tly dete
table in the tra
king devi
e. In fa
t, due totheir presen
e, the sum of all momenta of the de
aying 
harged parti
les ~pch at the b/c-hadronde
ay vertex does not ne
essarily point into the b-�ight dire
tion. The relative pT with respe
tto the b-�ight dire
tion, pT,ch, 
an be exploited to take some of the missing momentum fromthe neutral parti
les into a

ount. In the b-hadron rest frame, the momentum of the de
ay
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ondary vertex b-tagging algorithms 145verti
es tra
ks at vtx add. single tra
ks b-jet light-jet c-jet0 0 0 15.6 % 83.4 % 54.2 %0 0 1 12.0 % 11.6 % 19.3 %0 0 2 2.0 % 0.5 % 1.2 %0 0 ≥ 3 0.4 % 0.0 % 0.1 %1 2 any 25.4 % 3.9 % 17.6 %1 3 any 19.5 % 0.5 % 6.0 %1 4 any 10.9 % 0.1 % 1.1 %1 5-6 any 7.3 % 0.0 % 0.2 %1 ≥ 7 any 0.9 % 0.0 % 0.0 %1 any 0 49.8 % 4.1 % 22.5 %1 any 1 12.1 % 0.0 % 2.2 %1 any ≥ 2 2.1 % 0.0 % 0.2 %2 4 any 2.1 % 0.0 % 0.2 %2 ≥ 5 any 4.0 % 0.0 % 0.1 %Table 6.13: Population of the di�erent topologies in b-, c- and light jets. In the 
ase where a single vertexis found, not all 
ategories are disjoint, as illustrated in Table 6.12. Due to this and due to the fa
t that theprobability is by de�nition normalised to one, 12 
oe�
ients are needed to des
ribe the 14 listed topologies.produ
ts 
an be separated into a 
harged 
omponent ~pch and a neutral 
omponent ~pneu andthe invariant mass of the b-hadron 
an be written as:
mB =

√
m2

ch + p2
T,ch + p2

long,ch +
√

m2
neu + p2

T,neu + p2
long,neu, (6.24)where both the masses and the transverse momenta are invariant under Lorentz boost andare therefore equal to the quantities whi
h 
an be measured in the dete
tor frame. Sin
e thereis no way to a

ess the longitudinal momentum of both 
harged and neutral 
omponents andsin
e the pT of the neutral and 
harged 
omponents must balan
e ea
h other, the minimum

mB whi
h the observed de
aying parti
le must have is:
mB =

√
m2

ch + p2
T,ch + |pT,ch| , (6.25)where both mch and pT,ch 
an be dire
tly a

essed. This de�nition for the mass, whi
h isadopted in the present study, was exploited for the �rst time in Ref. [74℄. While the use ofthis de�nition seems to improve the separation between b- and c-jets, the improvement inlight-jet reje
tion is only marginal, sin
e fake verti
es in light jets have usually a signi�
antamount of pT,ch.The energy fra
tion exploits the hardness of the b-quark fragmentation fun
tion. Most ofthe energy of the original b-quark is expe
ted to be transmitted to the b-hadron, while, fewtra
ks o

asionally forming a vertex in a light jet usually 
arry a very low fra
tion of theoriginal jet energy. The separation of b-jets from c-jets due to the di�erent distributions ofthe energy fra
tion is smaller, sin
e the fragmentation fun
tion of c-hadrons is still softer, butmu
h 
loser to the fragmentation fun
tion for b-hadrons.The use of these variables allows the de�nition of a likelihood fun
tion of the form:

Lb,l,c(x) = coeff (cat) · PDFcat(Mass) · PDFcat(Energy fraction) · PDFcat

(
d

σ(d)

)
, (6.26)whi
h has to be parametrised separately for ea
h of the three di�erent �avours.
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tion Flight length signi�
an
e
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Figure 6.35: The PDFs for the mass, the energy fra
tion and the �ight length signi�
an
e are shown,separately for the three di�erent jet-�avours and split a

ording to the de
ay 
hain topology found by JetFitter.
The information about the de
ay topology of the jet as re
onstru
ted by JetFitter is rep-resented by the 
ategory (the 
oe�
ient coeff (cat)) while the vertex information is 
ontainedin the probability distribution fun
tions (PDFs). In order to redu
e the 
orrelations betweenthe de
ay topology and vertex related variables and to in
rease the dis
rimination power, thePDFs are made 
ategory dependent. This splitting of the PDFs is done only when needed.The templates for the vertex variables are shown in Fig. 6.35 for all three �avours, while thepopulations of all de�ned 
ategories are listed in Table 6.13. Ea
h PDF was split indepen-dently into the 
ategories it was found to be most 
orrelated with, in order to keep the numberof split PDFs to be determined on Monte Carlo simulated events as low as possible. Theywere determined on a large set of WH(mH = 120 GeV) Monte Carlo events with H → bb,

H → cc and H → uu and on tt Monte Carlo events.The JetFitter based b-tagging algorithm 
an be either used as a stand-alone algorithm orin 
ombination with pure impa
t parameter based algorithms (see Se
tion 6.9.4).
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ondary vertex b-tagging algorithms 1476.9.3 Neural network dis
riminator based on JetFitterAppli
ation of neural networks to 
lassi�
ation problemsAn expli
it de�nition of the likelihood fun
tion in the multi-dimensional spa
e of the inputvariables allows, by de�nition, to 
ondense the maximum possible amount of information intoa single likelihood fun
tion. By using a test statisti
s based on their likelihood ratio, thebest possible separation between two di�erent jet �avours 
an be obtained, as stated also bythe Neyman-Pearson lemma. This is, however, only valid under the assumption that the full
N -dimensional spa
e of the likelihood fun
tion is �lled without assuming subsets of su
h aspa
e to be un
orrelated (unless they really turn out to be un
orrelated). As des
ribed in theprevious 
hapter, in order to be able to 
alibrate the likelihood fun
tion with a reasonableamount of data, either from Monte Carlo simulation or later - hopefully - from data, thisassumption must be ne
essarily partially made.A dis
riminator based on the use of an arti�
ial neural network 
an provide, under 
er-tain 
ir
umstan
es up to a good approximation, a dis
riminator whi
h is equivalent to thelikelihood ratio based on the full N -dimensional likelihood fun
tions for the hypotheses 
on-sidered. The goodness of su
h an approximation depends 
ru
ially on few assumptions, aswill be explained brie�y here.

x1 x3x2 xN(input)

wjk

wij

o1 oN(output)

Figure 6.36: Layout of a neural network with one hidden layer.Arti�
ial neural networks are widely used in the high energy 
ommunity and a generalintrodu
tion is outside the s
ope of the present thesis. In general a neural network is aninter
onne
ted group of arti�
ial neurons and represents a parametri
 mapping (fun
tion)between the Ninp input nodes and the Nout output nodes. Given a neural network with oneinput layer, one hidden layer and one output layer, as illustrated in Fig. 6.36, the value of theoutput node i 
an be written as:
Fi(~x) = g




∑

j

ωij g

[
∑

k

ωjkxk + θj

]

+ θi



 , (6.27)where ωjk and θj denote the weights and thresholds of the nodes j of the �rst hidden layer,
ωij and θi denote the weights and the thresholds of the nodes of the output layer and the
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ation of b-quark jetssum runs over all input nodes k and over all nodes j of the hidden layer. In the following thefun
tion g is 
hosen to be:
g[x] =

1

2
(1 + tanh(x)) = (1 + e−2x)−1, (6.28)whi
h is the sigmoid fun
tion. The weights ωij , ωjk and the thresholds θi, θj fully 
hara
terisethe behaviour of the neural network. An arti�
ial neural network of this kind is usually 
alleda multi-layer per
eptron.It 
an be demonstrated that su
h a multi-layer per
eptron with one hidden layer and basedon the sigmoid fun
tion, if a su�
ient number of nodes in the hidden layer is used, 
anapproximate any 
ontinuous, multivariate fun
tion to any desired degree of a

ura
y and thata failure in obtaining this is ne
essarily due to a poor 
hoi
e of the parameters of the neuralnetwork, whi
h are determined as a result of the training pro
ess.The most deli
ate phase of the de�nition of a neural network is the training phase. This
onsists in varying the parameters ωij, θi, ωjk, θj in order to minimise a 
ertain error measure,whi
h is typi
ally 
hosen to be the quadrati
 sum over all patterns of the residuals of the outputvalues for the output node i with respe
t to the target values t, whi
h would 
orrespond tothe 
orre
t 
lassi�
ation:

E =
1

Npat

Npat∑

p=1

Nout∑

i=1

(
o
(p)
i − t

(p)
i

)2 (6.29)In order to use the neural network for 
lassi�
ation purposes, a number of output nodes equalto the number of possible 
lassi�
ation 
ategories is needed. In the 
ase of b-tagging, theseare three: b-, c- and light-jets. Then, for ea
h pattern, the target values of the output nodesare set, depending on the true �avour of the jet 
orresponding to that spe
i�
 pattern, asshown in Table 6.14. Category t1 t2 t3
b-jet 1 0 0
c-jet 0 1 0light-jet 0 0 1Table 6.14: Target values used for the three output nodes oi (i = 1, 2, 3) during the neural network trainingphase.The Bayes theorem provides a strong theoreti
al handle to interpret the result of the trainingpro
ess. If P (~x|Ci) is the probability to observe the set ~x of values for the input variables,given a pattern belonging to the 
ategory Ci (this is equivalent to the likelihood LCi

(~x) usedin the likelihood based approa
h), while P ( ~Ci|~x) is the a-posteriori probability to have anevent of 
ategory Ci given a set of values for the input variables ~x, the Bayes theorem statesthat:
P (Ci|~x) =

P (~x|Ci) · P (Ci)∑
i P (~x|Ci)P (Ci)

, (6.30)where P (Ci) represents the a-priori probability to observe an event of the 
ategory P (Ci). It
an be demonstrated, provided a quadrati
 error measure of the type of Eq. 6.29 is used, the
omplexity of the network in terms of amount of nodes and layers is su�
ient and the trainingpro
ess su

eeds in �nding the global minimum, that the values of the output nodes represent
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orre
t a-posteriori probability P (Ci|~x). The a-priori probabilities P (Ci) adopted by thenetwork will depend only on the relative amount of patterns of the various true �avours foundin the training sample. For this statement to hold, it is 
ru
ial that a sigmoid fun
tion is usednot only for the nodes of the intermediate layer, but also for all nodes of the output layer, insu
h a way that the output values are 
onstrained to be inside the [0, 1] interval.The fa
t that the output nodes represent a good approximation for the a-posteriori proba-bility P (Ci|~x) is equivalent to stating that the neural network provides a dis
riminator whi
his to a good approximation equivalent to the likelihood ratio if the full Ninp-dimensional likeli-hood fun
tion 
ould be properly de�ned. In fa
t the ratio of the two a-posteriori probabilities
P (Ci|~x) and P (Cj |~x) is essentially:

P (Ci|~x)

P (Cj |~x)
=

P (~x|Ci) · P (Ci)

P (~x|Cj) · P (Cj)
= (6.31)

= LRi/j(~x)
P (Ci)

P (Cj)
.Sin
e the a-priori probabilities P (Ci) and P (Cj) are positive de�nite, the ratio of the twoa-posteriori probabilities is a monotoni
 in
reasing fun
tion of the likelihood ratio. A 
ut onthe likelihood ratio based on two of the �avours (e.g. b over light) is therefore equivalent to a
ut on the ratio of the two respe
tive a-posteriori probabilities, de�ned by the neural networkoutput nodes.In order to a
hieve this equivalen
e between neural network based dis
riminator and Ninp-dimensional likelihood ratio, the training pro
ess must be able to �nd the global minimum ofthe error fun
tion in the spa
e of all possible values for the network parameters (ωij, θi, ωjk, θj).The most 
lassi
al method, adopted also in this thesis, is the so 
alled ba
k-propagationmethod. One of the main advantages of neural networks is that the fun
tion Fi is analyti
allyde�ned, it is 
ontinuous and 
an be easily di�erentiated: this means that also the derivativesof the error fun
tion with respe
t to the network parameters 
an be easily 
omputed. Theba
k-propagation a
ts then iteratively, performing one update step after ea
h pattern, tryingto 
hange the network parameters (generi
ally 
alled ~φ here) in su
h a way to redu
e theoverall error, with the following learning rule:

~φit+1 = ~φit + ∆~φit, (6.32)where the in
rement ∆~φit is de�ned as:
∆~φit+1 = −η

∂Eit

∂~φ
+ α∆~φit. (6.33)The �rst term tries to minimise the error fun
tion, moving the parameters ~φ in the oppositedire
tion of the gradient, where the η parameter is 
alled learning rate and governs the speed ofthe training. The se
ond term, 
alled momentum term, is intended to avoid the minimisationpro
edure to fall in a lo
al minimum, providing a 
ertain inertia to the points moving in thenetwork parameter spa
e, based on the previous minimisation step. For all neural networkstrained in this thesis, a value for the learning rate η = 0.5 and for the momentum term α = 0.2has been 
hosen.While the ba
k-propagation method for training is extremely simple, it turns out to be, atleast for the appli
ation to most of the typi
al high energy physi
s 
lassi�
ation problems,su�
iently fast and very robust in 
ase of ill shaped and 
omplex distributions for the inputvariables. More sophisti
ated methods dire
tly or indire
tly based on the use of se
ond-order
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tion are also available and allow in general a faster 
onvergen
e,but they are less robust and 
an easily break down if the 
omplexity of the network and of theinput variable distributions in
reases. The FORTRAN based JetNet pa
kage [76℄ was usedfor the training of the multi-layer per
eptrons used in this thesis. An interfa
e, written inC++, was written, in order to integrate this pa
kage into ROOT, the most 
ommon analysisframework used in high energy physi
s.Appli
ation to b-taggingThe most natural way of applying the neural network te
hnique to b-tagging is to de�ne anetwork topology with six input nodes, 
orresponding to the six variables of the output of thede
ay 
hain �t already de�ned in Se
tion 6.9.2 and then used for the likelihood fun
tion, andwith three output nodes, 
orresponding to the b-, c- and light-jet hypotheses.There is one more dependen
e that has not been a

ounted for, whi
h is the dependen
e ofthe input variables on the jet kinemati
s, de�ned by pT and η. An example of this dependen
ewas illustrated in Table 6.8, where it has been shown that the amount of de
ay 
hain �tsbelonging to a 
ertain vertex topology in b-, c- and light-jets depends strongly on the jetkinemati
s.There are two di�erent 
onsequen
es of this kinemati
 dependen
e:
• The pT and η distributions of the light, b- and c-jets used for the training (Fig 6.37) arenot identi
al. Due to the 
orrelations with the input variables, a single global trainingwould e�e
tively in
lude some of the information about the di�erent kinemati
s of lightand b- or c-jets in the training sample in the dis
riminating variable. This a�e
ts thetraining of the likelihood as well.
• The dependen
e on pT and η of the input variables is not a

ounted for in the dis
rim-inator, potentially redu
ing the separation power.The �rst problem 
an be solved by re-weighting the events in the Monte Carlo samples usedfor training in su
h a way to obtain the same distributions for the jet transverse momentaand pseudo-rapidity for all three di�erent �avours. Sin
e these two quantities, pT and η,are 
orrelated, the re-weighting is applied dire
tly on the two-dimensional distribution. Inorder to avoid the need of a smoothing pro
edure, a two-dimensional histogram with 
oarsebinning is used for the re-weighting. The pT intervals have been 
hosen to be (15-25,25-

35,35-50,50-80,80-120,120-200,200-∞) GeV, while the |η| intervals are (0.-0.7,0.7-1.5,1.5-2.5).This indu
es a two-dimensional re-weighting histogram with 21 bins. The one-dimensionaldistributions for jet pT and η, before and after re-weighting, are shown in Fig. 6.37. After there-weighting all three �avours have the same relative population in ea
h of the [pT , η] bins.The weights have then been used in the neural network training pro
edure.The se
ond issue was dealt with by in
luding the jet pT and η variables dire
tly into theneural network as additional input variables. In fa
t, sin
e after the re-weighting pro
edurethe two-dimensional pT, η distribution is the same for all three jet �avours, the neural network,when trained on the Monte Carlo sample, 
annot anymore use the pT and η variables dire
tlyto try to separate the three di�erent �avours, but it still 
an exploit the 
onditional dependen
eof the remaining variables on pT and η (i.e. the 
orrelations of these variables with jet pTand η) to try to improve the dis
riminating power. In order to avoid any boundary e�e
tdue to the binning used for the re-weighting pro
edure, only a limited set of dis
rete valuesrepresenting the bin in jet pT and η on whi
h the re-weighting has been applied are fed intothe neural network, rather than dire
tly the values of jet pT and η.
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Figure 6.37: Transverse momentum (left 
olumn) and pseudo-rapidity (right 
olumn) of b-,c- and light jets,before (top row) and after (bottom row) the re-weighting pro
edure is applied.The Monte Carlo sample used to train the neural network is divided into two parts, a train-ing sample and a testing sample. The ba
k-propagation training algorithm is used iteratingover the training sample, aiming at minimising the error fun
tion de�ned on the trainingpatterns, and then the error fun
tion is measured on the testing patterns. Every ten training
y
les a testing 
y
le is performed. The evolution of the error fun
tion on both testing andtraining samples is monitored and a 
onvergen
e 
riterion is de�ned to stop the training whenthe neural network is likely to have rea
hed the global minimum:
• The training 
ontinues until the minimum in the testing error is rea
hed.
• If the testing error in
reases, 300 further training iterations before stopping the pro
e-dure are performed, to monitor whether the in
rease in the testing error is only tempo-rary due to statisti
al �u
tuations.
• After ea
h testing iteration, the neural network 
on�guration of the weights and thresh-
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• The 
on�guration 
orresponding to the minimum testing error is sele
ted as the �nal
on�guration of the neural network.This pro
edure avoids that the training is stopped too early due to statisti
al �u
tuationsin the training sample. It proved to work reliably on all tested networks. As an example, atraining result is illustrated in Fig. 6.38, where the evolution of the error fun
tion is shownas a fun
tion of the training iteration.
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Figure 6.38: Error measure as a fun
tion of the training iteration during the training phase of the neuralnetwork, as 
omputed on the testing and training samples.Dis
riminating variables to sele
t b-jets and reje
t either light- or c-jets 
an be de�neda

ording to the a-posteriori probabilities for a jet to be a b-jet, c-jet and light-jet, whi
h areprovided, a

ording to the Bayesian interpretation of these dis
riminating variables, by thevalues of the output nodes:
Discrl =

P (b)

P (b) + P (l)
(6.34)

Discrc =
P (b)

P (b) + P (c)
(6.35)The distributions for these variables are shown in Fig. 6.39, using as input values for the neuralnetwork the events in the testing sample. A distin
tive signature that the training pro
esswas su

essful is that the distributions for the dis
riminating variables, Discrl (Discrc) for b-and for light (c-) jets 
ross at 0.5, where the a-posteriori probabilities for b- and for light (c-)jets have to be the same. This is the 
ase both for Discrl and Discrc.The a-posteriori probability for ea
h of the three jet �avours, a

ording to the Bayes theo-rem (Eq. 6.30), depends on the a-priori probabilities P (b), P (c) and P (light) that a b-, c- orlight-jet is found, whi
h, through the neural network training pro
ess, are set to the relative
omposition of the training sample in terms of b-, c- and light jets. Sin
e the 
ompositionof the training sample has no dire
t physi
al interpretation, one is rather interested at de�n-ing the 
orresponding a-posteriori probabilities where the a-priori probabilities P (b), P (c)
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Figure 6.39: Distribution for the neural network dis
riminating variables against light- (on the left) and
c-jets (on the right), as obtained from the testing sample.and P (light) are set to 1/3, whi
h allows a probabilisti
 interpretation of the dis
riminatingvariables when b-tagging is later applied. This 
an be done by exploiting the fa
t that thea-posteriori probabilities over all possible �avours or 
lasses Ci have to sum up to one. Usingthe notation introdu
ed in Eq. 6.30, de�ning the P2(Ci|x) as the 
orre
t a-posteriori probabil-ities and P2(Ci) as the 
orre
t prior probabilities (to be set to 1/3) and de�ning P1(Ci|x) asthe a-posteriori probabilities obtained from training and P1(Ci) the prior probabilities 
orre-sponding to the �avour 
omposition of the training sample, the new a-posteriori probabilities
P2(Ci|~x) 
an be obtained with the following formula:

P2(Ci|~x) =
P1(Ci|~x)P2(Ci)

P1(Ci)

P1(Ci|~x)P2(Ci)
P1(Ci)

+
∑

j 6=i P1(Cj |~x)
P2(Cj)
P1(Cj)

, (6.36)whi
h extends the result for two output nodes whi
h 
an be found in Ref. [77℄.6.9.4 Combination with impa
t parameter based algorithmsThe e�
ien
y of a se
ondary vertex based b-tagging algorithm is intrinsi
ally limited bythe vertex (or de
ay 
hain) re
onstru
tion e�
ien
y. Therefore, to in
rease the b-taggingperforman
e, this 
lass of algorithms 
an be 
ombined with a purely impa
t parameter basedone, e.g. IP3D.In the 
ase of the use of the likelihood formalism, the 
ombination 
an be obtained in avery simple way, if it is assumed that the likelihood fun
tions based on the se
ondary vertexand impa
t parameter informations are un
orrelated. The 
ombination of the two di�erentdis
riminators is then just provided by the sum of their log-likelihood ratios,
log (LRcomb) = log (LRIP ) + log (LRSV ) (6.37)whi
h is equivalent to multiplying their PDFs. Even if the hypothesis of un
orrelated likeli-hood fun
tions is not 
orre
t, a signi�
ant in
rease in performan
e 
an be obtained.



154 6 Identifi
ation of b-quark jetsIn the 
ase of the neural network based b-tagging algorithm based on the output of theJetFitter de
ay 
hain �t, the 
ombination with the impa
t parameter based algorithm isrealised by adding the log(LRIP3D) as an additional input variable to the neural network.6.10 Evaluation of b-tagging performan
eIn this se
tion, the performan
e of the b-tagging algorithms des
ribed in this thesis is dis
ussed.For the performan
e studies presented in the following, an iterative 
one algorithm with a 
onesize of ∆R = 0.4 using topologi
al 
lusters of energy in the 
alorimeter as input, has beenused. In addition, only jets within the a

eptan
e of the tra
king dete
tors (|η| < 2.5) andwith a re
onstru
ted transverse momenta above 15 GeV are used in the performan
e studies.6.10.1 De�nitions of e�
ien
y and reje
tionThe e�
ien
y to tag a jet of �avour q as b-jet, ǫq, is de�ned as:
ǫq =

Number of jets of real �avour q tagged as bNumber of jets of real �avour q . (6.38)Usually ǫb is 
alled tagging e�
ien
y and ǫudsc mistagging rate. The inverse of the mistaggingrate rudsc = 1/ǫudsc is 
alled b-tagging reje
tion. The assignment of a 
ertain �avour to a jetin the Monte Carlo simulation is not unambiguously de�ned. The following de�nition hasbeen introdu
ed: the jet �avour is the �avour of the heaviest quark after gluon radiation andsplitting within a 
one of ∆R < 0.3 around the jet dire
tion. To test the pure algorithmi
performan
e of the algorithms, a pro
edure 
alled �puri�
ation� 
an be applied. Here, a lightquark jet is only 
onsidered if there is no heavy parton (b- or c-quark) or τ lepton within a
one of ∆R = 0.8 around the jet dire
tion.6.10.2 Physi
s events samples usedThe following fully simulated Monte Carlo samples have been used for the performan
e studiesdes
ribed in this se
tion:
• Higgs boson produ
tion in asso
iation with a W boson. The W boson was for
ed tode
ay into a muon and its anti-neutrino, W → µνµ, the Higgs boson was for
ed tode
ay into pairs of b-, c- or u-quarks: H → bb, H → 

, H → uu. This ensures thatthe jets of di�erent quark �avour have very similar kinemati
s. To 
over a wide rangeof jet transverse momenta, samples with Higgs boson masses of mH = 120 GeV and

mH = 400 GeV have been produ
ed.
• Events with pairs of top quarks, tt̄, where one or both W bosons de
ayed leptoni
ally.
• Events with pairs of top quarks and at least two additional jets: tt̄jj. These eventsshow a large hadroni
 a
tivity with a high probability of overlapping jets.The performan
e was evaluated by using the b-tagging algorithms and 
alibration �les asimplemented in release 14.0.0 of the ATLAS re
onstru
tion software.



6.10 Evaluation of b-tagging performan
e 1556.10.3 Performan
e in reje
ting light-jetsThe performan
e of the b-tagging algorithm developed in this thesis, based on the de
ay 
hain�t performed by JetFitter, was analysed by 
omparing it to the other in
lusive se
ondaryvertex based algorithm available in ATLAS (SV1). Both algorithms are 
onsidered also in
ombination with IP3D, the most powerful impa
t parameter based algorithm available inATLAS. For JetFitter also the results based on the use of the neural network are 
onsidered.The b-tagging performan
e is therefore analysed for the following algorithms:
• IP3D (algorithm based on transverse and longitudinal impa
t parameter, presented inSe
tion 6.3)
• SV1 (based on the in
lusive single-vertex �t presented in Se
tion 6.5)
• JetFitter (likelihood based on the de
ay 
hain �t presented in Se
tion 6.6)
• SV1+IP3D (likelihood 
ombination of SV1 and IP3D)
• JetFitter+IP3D (likelihood 
ombination of JetFitter and IP3D)
• JetFitter (NN) (neural network based on the de
ay 
hain �t)
• JetFitter+IP3D (NN) (neural network based on the 
ombination of JetFitter and IP3D)Table 6.15 shows the reje
tion rates against light quark jets for �xed b-tagging e�
ien-
ies, for di�erent tagging algorithms and data samples. In the 
ase of the neural networkbased approa
h, the performan
e 
orresponding to the dis
riminator reje
ting light-quarkjets (Pb/(Pb + Pl)) is shown. The errors quoted for all reje
tion values are due to the limitedstatisti
s of the Monte Carlo samples.Figure 6.40 shows the reje
tion of light-quark (u,d,s) jets, ru, versus the b-tagging e�
ien
y

ǫb for the pure se
ondary vertex based algorithms and for the impa
t parameter based al-gorithm, based on the use of the tt̄ data sample only. It 
an be seen that the maximuma
hievable b-tagging e�
ien
y of the vertex based algorithms is limited by the e�
ien
y tore
onstru
t a displa
ed vertex or b-hadron de
ay topology. It is higher in the 
ase of JetFitterwhi
h imposes only very soft requirements on the topology. The best performan
e over thefull range of b-tagging e�
ien
ies is provided by the b-tagging algorithm based on the Jet-Fitter vertexing algorithm and on the use of a neural network dis
riminator. There is also asigni�
ant di�eren
e between SV1 and JetFitter, the latter one showing better performan
e.It has to be noted, however, that JetFitter expli
itly uses lifetime information (the �ight dis-tan
e signi�
an
e), whi
h is not used by SV1 to de
orrelate the algorithm better from IP3D.At the same time in SV1 the 
orrelations between the mass and energy fra
tion variablesare expli
itly 
onsidered, while in the likelihood approa
h based on JetFitter they are not;they are, however, 
onsidered in the neural network based approa
h, where the best overallperforman
e is obtained. The right plot of Figure 6.40 exhibits a steep stru
ture at b-tagginge�
ien
ies of about 52%. This 
an be related to a sudden drop in the reje
tion rate of theIP3D algorithm for this b-tagging e�
ien
y, as 
an be seen in the left part of Figure 6.40. Thisbehaviour 
an be explained mainly by the presen
e of jets with only a single tra
k asso
iatedto them.Fig. 6.41 shows the reje
tions against light quark jets for the se
ondary vertex based taggingalgorithms after 
ombination with the IP3D algorithm, again 
ompared with IP3D. This
ombination results in a signi�
ant in
rease in reje
tion power. Again, JetFitter+IP3D, inparti
ular when based on a neural network dis
riminator, shows the best overall performan
e.
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Sample ǫb IP3D SV1 JetFitter (LH) JetFitter (NN)WH(120) 50% raw 162 ± 3 154 ± 2 164 ± 3 224 ± 460% raw 53 ± 1 43 ± 0 52 ± 0 63 ± 170% raw 19 ± 0 - 16 ± 0 21 ± 0WH(120) 50% puri�ed 171 ± 3 163 ± 3 168 ± 3 230 ± 560% puri�ed 55 ± 1 44 ± 0 52 ± 0 64 ± 170% puri�ed 19 ± 0 - 16 ± 0 22 ± 0WH(400) 50% raw 161 ± 13 142 ± 2 141 ± 2 172 ± 360% raw 54 ± 0 55 ± 1 56 ± 1 57 ± 170% raw 19 ± 0 - 20 ± 0 20 ± 0WH(400) 50% puri�ed 187 ± 3 154 ± 2 143 ± 2 175 ± 360% puri�ed 60 ± 1 58 ± 1 56 ± 1 58 ± 170% puri�ed 21 ± 0 - 20 ± 0 20 ± 0
tt̄ + tt̄jj 50% raw 236 ± 2 200 ± 1 257 ± 2 326 ± 360% raw 67 ± 0 77 ± 0 89 ± 0 99 ± 070% raw 22 ± 0 - 27 ± 0 31 ± 0
tt̄ + tt̄jj 50% puri�ed 316 ± 3 291 ± 2 288 ± 2 376 ± 460% puri�ed 76 ± 0 95 ± 0 94 ± 0 107 ± 170% puri�ed 24 ± 0 - 28 ± 0 33 ± 0Sample ǫb SV1+IP3D JetFitter+IP3D (LH) JetFitter+IP3D (NN)WH(120) 50% raw 404 ± 10 459 ± 12 616 ± 1960% raw 97 ± 1 111 ± 1 143 ± 270% raw 25 ± 0 29 ± 0 35 ± 0WH(120) 50% puri�ed 455 ± 13 495 ± 14 674 ± 2360% puri�ed 102 ± 1 114 ± 1.6 150 ± 2.470% puri�ed 25 ± 0 30 ± 0 36 ± 0WH(400) 50% raw 348 ± 8 386 ± 9 442 ± 1160% raw 121 ± 2 123 ± 2 134 ± 270% raw 37 ± 0 39 ± 0 40 ± 0WH(400) 50% puri�ed 410 ± 11 418 ± 11 483 ± 1460% puri�ed 131 ± 2 129 ± 2 141 ± 270% puri�ed 39 ± 0 39 ± 0 41 ± 0

tt̄ + tt̄jj 50% raw 469 ± 5 658 ± 7 798 ± 1060% raw 165 ± 1 199 ± 1 233 ± 270% raw 41 ± 0 45 ± 0 61 ± 0
tt̄ + tt̄jj 50% puri�ed 924 ± 14 980 ± 15 1164 ± 1960% puri�ed 237 ± 2 241 ± 2 291 ± 270% puri�ed 47 ± 0 48 ± 0 69 ± 0Table 6.15: The reje
tion against light quark jets for �xed b-tagging e�
ien
ies of 50%, 60% and 70% fordi�erent data samples and for the standalone se
ondary vertex based b-tagging algorithms (top table) andfor the 
ombined b-tagging algorithms (bottom table), without and with applying the puri�
ation pro
edure,denoted as raw and puri�ed, respe
tively.



6.10 Evaluation of b-tagging performan
e 157

b−jet efficiency
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

lig
ht

 q
ua

rk
 r

ej
ec

tio
n

1

10

210

310

410

510
JetFitter (LH)
IP3D
JetFitter (NN)
SV1 (LH)

b−jet efficiency
0.4 0.5 0.6 0.7 0.8 0.9

lig
ht

 je
t r

ej
ec

tio
n 

ra
tio

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2 JetFitter (LH)
IP3D
JetFitter (NN)
SV1 (LH)

Figure 6.40: Left: Light jet reje
tion versus b-tagging e�
ien
y for IP3D, SV1 and JetFitter (based on bothlikelihood and neural network approa
hes). Right: The ratio with respe
t to IP3D for SV1 and JetFitter (bothlikelihood and neural network based). These results have been obtained on the tt̄ sample. No puri�
ation oflight quark jets has been applied.
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Figure 6.41: Left: Light jet reje
tion versus b-tagging e�
ien
y for IP3D, SV1+IP3D and JetFitter+IP3D(based on both likelihood and neural network approa
hes). Right: The ratio with respe
t to SV1+IP3D forIP3D and JetFitter+IP3D (both likelihood and neural network based). These results have been obtained onthe tt̄ sample. No puri�
ation of light quark jets has been applied.
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ation of b-quark jetsThe algorithmi
 improvement of the JetFitter algorithm is parti
ular evident when applied onthe tt̄ and tt̄jj samples, it is still signi�
ant for the WH(120) sample and mu
h less pronoun
edfor the WH(400) sample, where the average jet transverse momentum is around 200 GeV. Mostof these di�eren
es 
an be understood by looking more in detail at jet kinemati
s (in parti
ulardi�erent distributions of the jet transverse momenta and pseudo-rapidity) and at the level of
ontamination of light jets due to nearby lying b- or c-jets.Dependen
e on jet kinemati
s
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Figure 6.42: Left: Light jet reje
tion for a �xed b-tagging e�
ien
y of 50% (top) or 60% (bottom) as fun
tionof the jet transverse momentum pT for IP3D, SV1+IP3D and JetFitter+IP3D (based on both likelihood andneural network approa
hes). Right: The ratio with respe
t to SV1+IP3D for IP3D and JetFitter+IP3D (bothlikelihood and neural network based). These results have been obtained on the tt̄ and tt̄jj samples. Nopuri�
ation of light quark jets has been applied. The jet pT is expressed in GeV.The dependen
e of the performan
e on the jet kinemati
s is of parti
ular importan
e.Figs. 6.42 and 6.43 show the reje
tion against light quark jets for �xed b-tagging e�
ien
ies
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Figure 6.43: Left: Light jet reje
tion for a �xed b-tagging e�
ien
y of 50% (top) or 60% (bottom) asfun
tion of the jet pseudo-rapidity η for IP3D, SV1+IP3D and JetFitter+IP3D (based on both likelihoodand neural network approa
hes). Right: The ratio with respe
t to IP3D+SV1 for IP3D and JetFitter+IP3D(both likelihood and neural network based). These results have been obtained on the tt̄ and tt̄jj samples. Nopuri�
ation of light quark jets has been applied.of 50% and 60% versus the jet transverse momentum and jet pseudo-rapidity, respe
tively.The performan
e plots as a fun
tion of the jet transverse momentum provides also a more fair
omparison among the various b-tagging algorithms, sin
e, when 
omparing the performan
eof the in
lusive samples, it should be 
onsidered, as already shown in Fig. 6.37, that thetransverse momenta distributions for the light- and c- or b-jets are 
onsiderably di�erent. Thisdoes not only a�e
t the absolute performan
e, but 
an eventually even arti�
ially in
reasethe performan
e of the likelihood based algorithms with respe
t to the neural network basedones, sin
e the likelihood fun
tions were a
tually extra
ted using samples where the light and
c- and b-jets are a�e
ted by the same behaviour.Improvements of up to a fa
tor of around two in light quark reje
tion 
an be obtained, bothat 50% and at 60% b-tagging e�
ien
y, by using the neural network dis
riminator based on
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ation of b-quark jetsthe JetFitter output, with respe
t to the 
ombined algorithm based on IP3D+SV1. Espe
iallyin the kinemati
 regions where the best b-tagging performan
e is attained, the improvementsare parti
ularly signi�
ant. The reasons for this behaviour are manifold. For larger pseudo-rapidities, the parti
les pass through more material and thus the dete
tor resolution is worse.Another reason for the degradation of the longitudinal impa
t parameter at large pseudo-rapidities is the dramati
 in
rease of the extrapolation distan
e from the b-layer (�rst pixellayer) hit to the vertex. The degradation for high jet transverse momenta is 
aused by anin
reased fragmentation multipli
ity, resulting in an in
reased 
ombinatori
s in the se
ondaryvertex �nding stage when trying to �nd the tra
ks stemming from the b-hadron de
ay. Fur-thermore, the pattern re
ognition in the tra
k re
onstru
tion be
omes more di�
ult in thevery dense environment of jets with very large transverse momenta. The steep fall for lowjet transverse momenta is mainly due to the strongly enhan
ed multiple s
attering of lowmomentum 
harged parti
le tra
ks, leading to signi�
antly degraded impa
t parameter reso-lutions. The observed dependen
e of the b-tagging performan
e on the jet kinemati
s 
an berelated to the performan
e of the se
ondary vertex re
onstru
tion as dis
ussed in Se
tion 6.8.It 
an be seen there, that the se
ondary vertex re
onstru
tion e�
ien
y in b-quark jets dropsin the same kinemati
 regions as the resulting b-tagging performan
e, with an in
reased rateof (fake) verti
es in light quark jets.Contamination from nearby heavy �avour jetsApart from the kinemati
 dependen
e, the b-tagging performan
e also depends 
riti
ally on the
ontamination of light-quark jets by displa
ed tra
ks stemming from nearby b- or c-quark jets,as 
an already be 
on
luded 
omparing the b-tagging performan
e before and after appli
ationof the puri�
ation pro
edure in Table 6.15. It is however worth looking at this dependen
ein more detail, analysing the b-tagging performan
e as a fun
tion of the distan
e ∆R of thelight quark jets to the nearest b- or c-quark or τ lepton.
ǫb Algorithm [0.3; 0.35] [0.35; 0.4] [0.4; 0.45] [0.45; 0.5] [0.5; 0.6] [0.6; 0.7]50% SV1 9.1 ± 0.1 21 ± 1 70 ± 3 188 ± 11 362 ± 15 369 ± 13JetFitter 26.6 ± 0.6 86 ± 4 203 ± 14 374 ± 32 431 ± 20 418 ± 1660% SV1 5.7 ± 0.1 11 ± 0 25 ± 1 54 ± 2 109 ± 3 119 ± 2JetFitter 13.8 ± 0.2 36 ± 1 71 ± 3 97 ± 4 115 ± 3 113 ± 2
ǫb Algorithm [0.3; 0.35] [0.35; 0.4] [0.4; 0.45] [0.45; 0.5] [0.5; 0.6] [0.6; 0.7]50% SV1+IP3D 12 ± 0.2 37 ± 1 166 ± 11 484 ± 47 989 ± 70 1059 ± 74JetFitter+IP3D 29 ± 1 114 ± 6 379 ± 38 915 ± 123 1205 ± 94 1287 ± 8760% SV1+IP3D 7.3 ± 0.1 16 ± 0 48 ± 1 111 ± 5 240 ± 8 261 ± 8JetFitter+IP3D 13.4 ± 0.2 40 ± 1 112 ± 6 191 ± 11 267 ± 10 283 ± 9Table 6.16: The reje
tion against light-jets for di�erent b-tagging e�
ien
ies (ǫb) in various intervals

[min; max] of the di�eren
e in ∆R of the light quark jets to the nearest b-, c- or τ -jet. For JetFitter only theneural network based algorithm is 
onsidered. The top table shows the result on the se
ondary vertex based
b-tagging algorithms used stand-alone, while the bottom table shows the result for the 
ombined algorithms.Table 6.16 shows, both for the pure se
ondary vertex based algorithms and after 
ombi-nation with the IP3D algorithm, that the more the light quark jets are 
ontaminated by
b- or c-hadron de
ay produ
ts (smaller values of ∆R), the stronger the degradation of the
b-tagging performan
e is. At very small values of ∆R the light quark-jets 
an be barely dis-tinguished from the nearby heavy �avour jet. A small kinemati
 bias (slightly di�erent pTand η distributions of the jets for di�erent ∆R intervals) should also be taken into a

ountwhen interpreting these results.
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e 161There is a noti
eable di�eren
e in the behaviour of JetFitter 
ompared to SV1, the se
ondbeing less robust against building up verti
es whi
h 
at
h up 
ontributions from nearby heavy�avour jets. The additional requirement in JetFitter that the displa
ed tra
ks have to interse
tthe hypotheti
al b-hadron �ight dire
tion, whi
h is 
onstrained by the jet dire
tion within theallowed error, makes this algorithm more e�
ient in dis
arding tra
ks originating from nearbyjets.6.10.4 Performan
e in reje
ting 
harm-jetsReje
ting c-jets is signi�
antly more di�
ult than reje
ting light-jets, due to the presen
eof c-hadrons with real lifetime in c-jets. The performan
e of the se
ondary vertex basedalgorithms in reje
ting c-jets is presented in Table 6.17 (top table) and in Fig. 6.44. The
ombination with the impa
t parameters signi�
an
e based b-tagging algorithms does notyield a signi�
ant improvement if 
ompared with the purely se
ondary vertex based b-taggingalgorithms, as shown in Table 6.17 (bottom table) and Fig. 6.45.Sample ǫb IP3D SV1 JetFitter (LH) JetFitter (NN)WH(120) 50% 13 ± 0 14 ± 0 14 ± 0 15 ± 060% 7.3 ± 0.1 7.4 ± 0.1 7.7 ± 0.1 7.5 ± 0.170% 4.3 ± 0.0 - 4.4 ± 0 4.5 ± 0.0WH(400) 50% 11 ± 0 13 ± 0 12 ± 0 13 ± 060% 6.5 ± 0.1 6.8 ± 0.1 7.2 ± 0.1 7.0 ± 0.170% 3.9 ± 0.0 - 4.3 ± 0.0 4.2 ± 0.0
tt̄ + tt̄jj 50% 10 ± 0 12 ± 0 11 ± 0 13 ± 060% 6.4 ± 0.0 6.5 ± 0 6.8 ± 0 7.5 ± 0.070% 4.0 ± 0.0 - 4.3 ± 0 4.6 ± 0.0Sample ǫb SV1+IP3D JetFitter+IP3D (LH) JetFitter+IP3D (NN)WH(120) 50% raw 16 ± 0 15 ± 0 16 ± 060% raw 8.6 ± 0.1 8.5 ± 0.1 8.7 ± 070% raw 4.8 ± 0.1 4.9 ± 0.1 5.0 ± 0.1WH(400) 50% raw 14 ± 0 14 ± 0 14 ± 060% raw 8.0 ± 0.1 8.0 ± 0.1 8.1 ± 0.170% raw 4.8 ± 0.0 4.8 ± 0.0 4.9 ± 0.0

tt̄ + tt̄jj 50% raw 12 ± 0 12 ± 0 13 ± 060% raw 7.6 ± 0.0 7.5 ± 0.0 7.9 ± 070% raw 4.6 ± 0.0 4.6 ± 0.0 4.8 ± 0Table 6.17: The reje
tion against 
harm quark jets for �xed b-tagging e�
ien
ies of 50%, 60% and 70% fordi�erent data samples and for the standalone se
ondary vertex based b-tagging algorithms (top table) and forthe 
ombined b-tagging algorithms (bottom table).A more signi�
ant improvement 
an be obtained at the 
ost of de
reasing the light-jetreje
tion, by expli
itly 
alibrating the b-tagging algorithms to reje
t c-jets instead of light-jets. The additional information on the de
ay 
hain topology 
an eventually also in
reasethe performan
e in reje
ting c-jets, at least in the region of low b-jet e�
ien
ies. In the 
aseof the likelihood formalism, in order to obtain the best 
ombined reje
tion, also a dedi
ated
alibration for the impa
t parameter based algorithm is needed. Sin
e this 
alibration ismissing at the moment in ATLAS, it is di�
ult to de�ne a 
ombined dis
riminator against
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c-jets for IP3D+JetFitter based on the likelihood formalism.A dedi
ated dis
riminator against c-jets was obtained, as des
ribed in Se
tion 6.9.3, byadding the likelihood ratio of IP3D (dis
riminating against light-jets) to the neural network,but training it simultaneously against c- and light-jets by using three output nodes in theneural network (
orresponding to b-, c- and light-jets). Even if this is not yet optimal, it 
analready in
rease signi�
antly the dis
rimination power against c-jets, as shown in Table 6.18and Fig. 6.46. As previously mentioned, the dis
riminating variable against light jets is
P (b)/(P (b) + P (l)), whereas the one against c-jets is P (b)/(P (b) + P (c)).Reje
tion ǫb IP3D+SV1 JetFitter+IP3D JetFitter+IP3D JetFitter+IP3Dagainst (likelihood) (NN against light) (NN against 
harm)light-jets 40% 1186 ± 18 1820 ± 35 2314 ± 50 1025 ± 1550% 469 ± 5 658 ± 7 798 ± 10 329 ± 360% 165 ± 1 199 ± 1 233 ± 2 109 ± 170% 41 ± 0 45 ± 0 61 ± 0 33 ± 0.1

c-jets 40% 23 ± 0 22 ± 0 28 ± 0 48 ± 150% 12.7 ± 0.1 12.3 ± 0.1 12.9 ± 0.1 19.6 ± 0.160% 7.6 ± 0.0 7.5 ± 0.0 7.7 ± 0.0 9.7 ± 0.170% 4.6 ± 0.0 4.6 ± 0.0 4.8 ± 0.0 5.2 ± 0.0Table 6.18: The reje
tion against light- and c-quark jets for �xed b-tagging e�
ien
ies of 40%, 50%, 60%and 70%, by using both neural networks trained to reje
t either c- or light jets, 
ompared to the 
ombinedIP3D+SV1 algorithm. The puri�
ation pro
edure has not been applied here. The results refer to the tt̄ and
tt̄jj samples.At b-tagging e�
ien
ies below 70% a signi�
ant in
rease in c-jet reje
tion 
an be obtainedusing the neural network dis
riminator against c-jets: for example at 50% b-e�
ien
y, takingthe IP3D + SV 1 algorithm as a referen
e, the c-jet reje
tion 
an be in
reased by 50%, atthe 
ost of redu
ing the light-jet reje
tion also by around 50%. It is worth studying the c-jetreje
tion in more detail as a fun
tion of the jet kinemati
s. This is illustrated in Fig. 6.47and in Fig. 6.48. The most signi�
ant improvement in c-jet reje
tion 
an be obtained in thekinemati
 regions where b-tagging works best: for example at a b-tagging e�
ien
y of 50%an improvement between 40 and 80% 
an be obtained for transverse momenta above 30 andbelow 200 GeV and for pseudo-rapidities below 1.75. In a typi
al analysis the best 
ombinedlight and c-jet reje
tion will depend on the �avour 
omposition of the ba
kground. Therefore,in general, neither using the dis
riminator against c-jets or the one against light-jets is theoptimal 
hoi
e. The optimal 
ombined reje
tion 
an be obtained by de�ning a 
ombineddis
riminator of the type:

discr =
P (b)

P (b) + clP (l) + (1 − cl)P (c)
, (6.39)where cl represents the relative fra
tion of light-jets in the ba
kground. In the 
ase the neuralnetwork is optimally trained, thanks to the Bayes interpretation of P (b), P (c) and P (l) asa-posteriori probabilities, using su
h a cl allows to obtain the best signal-to-ba
kground ratioand thus overall ba
kground reje
tion. The c-jet and light-jet reje
tions a
hievable for �xed b-tagging e�
ien
ies of 40, 50, 60 and 70% are shown in Fig. 6.49. Due to the di�erent kinemati
distributions of the c-, b- and light-jets in the sample used to estimate the performan
e, thebest overall 
ombined ba
kground reje
tion is not obtained at exa
tly the 
orrespondent valueof cl: this 
an only be the 
ase for jets with the same kinemati
 distribution. In the 
ase
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Figure 6.44: Left: Charm jet reje
tion versus b-tagging e�
ien
y for IP3D, SV1 and JetFitter (based onboth likelihood and neural network approa
hes). Right: The ratio with respe
t to IP3D for SV1 and JetFitter(both likelihood and neural network based). These results have been obtained on the tt̄ sample.
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Figure 6.45: Left: Charm jet reje
tion versus b-tagging e�
ien
y for IP3D, SV1+IP3D and JetFitter+IP3D(based on both likelihood and neural network approa
hes). Right: The ratio with respe
t to SV1+IP3D forIP3D, JetFitter+IP3D (both likelihood and neural network based). These results have been obtained on the
tt̄ sample.
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Figure 6.46: Left: Light jet (top) or 
harm jet (bottom) reje
tion as a fun
tion of the b-tagging e�
ien
y forJetFitter+IP3D, based on the neural network dis
riminator against either c- or light jets, and for the remaining
ombined b-tagging algorithms. Right: The ratio with respe
t to IP3D+SV1 for the same algorithms. Theseresults have been obtained on the tt̄ and tt̄jj samples. No puri�
ation of light quark jets (see Se
tion 6.10.1)has been applied.of a real physi
s analysis with b-jets in the signal and with a strong 
ontamination of bothlight and c-jets, it is best to s
an all possible values of the parameter cl in order to obtainthe best overall ba
kground reje
tion for a 
ertain signal e�
ien
y. In the performan
e plotsas a fun
tion of cl it 
an be noti
ed that the c- or light-jet reje
tion< does often drop onlyfor extreme values of cl 
lose either to 0 or 1: therefore, by tuning the parameter cl, quitea signi�
ant improvement in the overall ba
kground reje
tion 
an be obtained. Most of thegain is however still a
hievable at b-tagging e�
ien
ies below 70%, where there is more roomto spe
i�
ally optimise against c- or light-jets: this is the region where the impa
t parametersigni�
an
e or de
ay length signi�
an
e starts to play a more limited role, and other variables,like the vertex mass or the de
ay 
hain topology, whi
h yield a good dis
rimination between
c- and b-jets, start to have a higher weight in the dis
riminator.
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Figure 6.47: Left: Light jet (top) or 
harm jet (bottom) reje
tion for a �xed b-tagging e�
ien
y of 50% asa fun
tion of the jet transverse momentum for JetFitter+IP3D, based on the neural network dis
riminatoragainst either c- or light jets, and for the remaining 
ombined b-tagging algorithms. Right: The ratio withrespe
t to IP3D+SV1 for the same algorithms. These results have been obtained on the tt̄ and tt̄jj samples.No puri�
ation of light quark jets has been applied. The jet pT is expressed in GeV.The improvement in the 
ombined c- and light-jet ba
kground reje
tion will play a 
ru
ialrole in the analysis whi
h will be presented in the last part of the present thesis work, whi
his about the WH Higgs boson sear
h 
hannel at high transverse momenta, with the W bosonde
aying leptoni
ally and the Higgs boson de
aying to a pair of b-quarks.
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Figure 6.48: Left: Light jet (top) or 
harm jet (bottom) reje
tion for a �xed b-tagging e�
ien
y of 50% asa fun
tion of the jet pseudo-rapidity for JetFitter+IP3D, based on the neural network dis
riminator againsteither c- or light jets, and for the remaining 
ombined b-tagging algorithms. Right: The ratio with respe
tto IP3D+SV1 for the same algorithms. These results have been obtained on the tt̄ and tt̄jj samples. Nopuri�
ation of light quark jets has been applied.
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Figure 6.49: Left: Charm jet and light jet reje
tions versus the assumed prior light-jet ba
kground 
omposi-tion (cl), for �xed b-tagging e�
ien
ies of 40% (top left), 50% (top right), 60% (bottom left) and 70% (bottomright). These results have been obtained on the tt̄ and tt̄jj samples.



7 The WH → ℓνbb̄ analysis at hightransverse momenta7.1 Introdu
tionThe me
hanism of mass generation is one of the fundamental open problems of parti
le physi
s,as mentioned in Chapter 1. In order to prove that the Standard Model of fundamentalintera
tions des
ribes this me
hanism 
orre
tly, it needs to be proven that the Higgs bosonexists in nature. This is one of the key aims of the ATLAS and CMS experiments at the LHC.As des
ribed in Chapter 2, the dis
overy of a Standard Model Higgs boson with ATLAS isparti
ularly 
hallenging in 
ase the mass of the Higgs boson is 
lose to the LEP limit of
≈ 115 GeV (a Higgs boson in this mass region will be denoted in the following as a light Higgsboson). In this 
ase, the dis
overy sensitivity to a Higgs boson of the ATLAS experimentis more limited than at higher Higgs boson masses and relies on a 
ombination of several
hannels, in parti
ular H → γγ and H → ττ (see Fig. 2.5). There are several un
ertainties
onne
ted with these sear
hes, whi
h depend both on the level of understanding of the dete
torperforman
e (so far limited to Monte Carlo studies, even if partially based on test beamdata) and on the modelling of the physi
s pro
esses used in the Monte Carlo studies (eventgeneration, photon fragmentation fun
tion, amount of statisti
s for ba
kground pro
esses,...).It is therefore highly desirable to rely on the widest possible range of physi
s signatures, inorder to gain robustness in the sear
h of a low mass Higgs boson and, at the same time, toin
rease the 
ombined dis
overy sensitivity.Two important 
hannels that have generally been 
onsidered less promising at the LHCare those where a Higgs boson is produ
ed in asso
iation with a ve
tor boson, pp → WHor ZH, followed by the dominant light Higgs boson de
ay, to two b-quark jets. The onlinesele
tion of these event would typi
ally rely on the identi�
ation of a leptoni
ally de
aying
W or Z boson. The identi�
ation of the Higgs boson would be based on the presen
e oftwo b-jets in the event, with invariant mass 
orresponding to the a-priori not known Higgsboson mass. A �rst study of the WH 
hannel was performed in ATLAS at the time of theTe
hni
al Design Report (TDR) [42℄, while a more detailed study was performed a few yearslater in Ref. [78℄. The extra
tion of the signal is di�
ult be
ause of the large ba
kgrounds andvery low signal a

eptan
e, as the invariant mass distribution expe
ted for the Higgs boson
andidate in both signal and ba
kgrounds after analysis sele
tion of Fig. 7.1 illustrates: in thestudy presented in Ref. [78℄, the extra
tion of the WH → ℓνbb̄ signal results in a signi�
an
eexpressed in terms of S/

√
B1 of 2.1 with 30 fb−1 of integrated luminosity, with in additiona very low signal-to-ba
kground ratio of S/B ≈ 1.3%. The low signal-to-ba
kground ratiomakes the analysis extremely sensitive to any un
ertainty on the knowledge of the amount ofba
kground events, as shown in Fig. 7.2, where the signi�
an
e is shown as a fun
tion of theassumed un
ertainty on the knowledge of the expe
ted number of ba
kground events ∆B/B(2); even in the most optimisti
 s
enario where the ba
kgrounds 
an be extra
ted from data1Here S is the number of expe
ted signal events and B the number of expe
ted ba
kground events.2The 
orre
ted signi�
an
e is based on the signi�
an
e in terms of S/σB, where the un
ertainty level on theba
kground σB is 
omputed by summing up quadrati
ally the Poisson un
ertainty √

B and the systemati
168



7.1 Introdu
tion 169by extrapolating them from the sidebands using their invariant mass distribution, it will beextremely hard to rea
h a pre
ision ∆B/B at the per
ent level, whi
h is required not to letthe dis
overy sensitivity de
rease drasti
ally.

Figure 7.1: Mass distribution for the WH signal,
WZ and all remaining ba
kgrounds in the in
lusive
WH → ℓνbb̄ analysis. Taken from Ref. [78℄. B
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Figure 7.2: Corre
ted dis
overy sensitivity to a SMHiggs boson in the in
lusive WH → ℓνbb̄ analysis(S/
√

B + ∆B2), as a fun
tion of the relative system-ati
 un
ertainty of the ba
kground 
ontribution.A re
ent study [1℄ argued that fo
using the WH analysis only on the kinemati
 
on�gura-tions where the W and H bosons are emitted at large transverse momenta and are basi
allyba
k-to-ba
k, has signi�
ant advantages over a more in
lusive sear
h. This region 
orrespondsonly to a small fra
tion of the total WH 
ross se
tion (about 5% for pT > 200GeV), but thesignal a

eptan
e is larger, while the ba
kgrounds are signi�
antly redu
ed. Another advan-tage is that looking at 
on�gurations with ba
k-to-ba
k bosons, also the ZH produ
tion modeshould be
ome a

essible, not only in the Z → ll de
ay mode, but also in the Z → νν mode,whi
h is experimentally more di�
ult to a

ess.While the identi�
ation of a high pT W or Z boson does not present parti
ular 
hallenges,the re
onstru
tion of a high pT Higgs boson de
aying into a pair of b-quark jets does. In fa
t,due to the high boost, the two de
ay produ
ts will be in
reasingly 
lose in ∆R for in
reasing
pT , as shown in Fig. 7.3, by approximately:

∆R(b, b̄) ≈ 2 · mH

pT,H
(7.1)For example for pT,H = 300 GeV ∆R is of the order of ≈ 0.8. This makes the identi�
ationof the Higgs boson 
andidate more 
hallenging and eventually requires both jet �nding and

b-tagging algorithms to be spe
i�
ally optimised for this spe
i�
 kinemati
 region.For this reason, in the same study, a new jet algorithm was proposed, to identify the
hara
teristi
 stru
ture of a boosted Higgs to bb̄ de
ay, and a �rst hadron level study wasperformed, in order to evaluate the dis
overy potential of the WH and ZH 
hannels in thisspe
i�
 kinemati
 region. The e�e
t of b-tagging was emulated by applying a �xed b-tagginge�
ien
y of 60% and a �xed non b-jet reje
tion of ≈ 50, where the b-tagging e�
ien
y andreje
tion are de�ned as in Se
tion 6.10.1. The e�e
t of �nite mass resolution was partiallyun
ertainty ∆B (σB =
√

B + ∆B2).
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Figure 7.3: Distan
e in ∆R =
p

∆φ2 + ∆η2 between the two b-quarks from the Higgs boson (with mH =
120 GeV) as a fun
tion of Higgs boson transverse momentum. ∆φ represents the distan
e in azimuthal angle,while ∆η is the distan
e in pseudo-rapidity. The normalisation is arbitrary.taken into a

ount by sele
ting Higgs bosons with an invariant mass mH within a (1±10%)mHmass window.There are several reasons why a detailed study based on a realisti
 dete
tor simulationis 
ru
ial for 
on�rming that extra
ting a Higgs boson signal from these 
hannels is indeedpossible. Some of the reasons will be brie�y mentioned here:

• Possible impa
t of both 
alorimeter granularity and energy resolution and bending of
harged parti
les in the magneti
 �eld on the jet �nding e�
ien
y and invariant massresolution;
• First realisti
 evaluation whether b-tagging 
an be really applied e�
iently and sepa-rately on the two jets from the Higgs boson 
andidate;
• Evaluation of the e�e
t of taking into a

ount the presen
e of c-jets, in parti
ular in the

tt̄ ba
kground, whi
h was ignored in the hadron level study;
• E�e
t of trigger sele
tion;
• Impa
t of realisti
 signal a

eptan
e.The most 
ru
ial points are 
ertainly the ones 
on
erning b-tagging. In parti
ular, if thetwo jets from the Higgs boson 
andidate 
annot be b-tagged separately, the reje
tion fa
toragainst ba
kground from u, d or s-jets would be Ruds, where Ruds is the reje
tion fa
toragainst a single light jet, instead of R2

uds, making the proposed sear
h 
ompletely hopeless.Equally important is the impa
t of the presen
e of c-jets in the ba
kground, sin
e for themthe reje
tion, even for 
onventional jets (as was analysed in Se
tion 6.10.4), is Rc ≈ 13 for a
b-tagging e�
ien
y of ǫB ≈ 60%, signi�
antly lower than the reje
tion of R ≈ 50 assumed forall non b-jets in the hadron level study.In this 
hapter the �rst dete
tor level study performed in ATLAS for the WH 
hannel ispresented.



7.2 Dete
tor simulation 1717.2 Dete
tor simulationA realisti
 study of the dis
overy potential in the WH 
hannel in the boosted s
enario mustne
essarily rely on a realisti
 simulation of the dete
tor response: with a 
omplex experimentalapparatus like ATLAS, this 
an be done only by using detailed Monte Carlo simulations.In order to pro�t from the dete
tor simulation, a �xed-order parton level 
al
ulation of thesignal and ba
kground pro
esses expe
ted to enter the signal sele
tion is not su�
ient. Asdes
ribed in Chapter 1, the use of parton-shower based Monte Carlo generators results in theprodu
tion of a set of unweighted events whi
h 
ontain all �nal state parti
les and 
an beused dire
tly as input to the dete
tor simulation.This study relies on the use of the ATLFAST-II dete
tor simulation [79℄. Parti
les in theinner dete
tors and muons passing through the 
alorimeter and muon system are des
ribed us-ing a full GEANT4 dete
tor simulation, while the intera
tions of parti
les with the 
alorimeteris des
ribed by using a faster simulation of the dete
tor response (FastCaloSim [80℄), basedon a full parametrisation of the 
alorimeter response in its full granularity to single �nal stateparti
les entering the 
alorimeter surfa
e. The use of a full GEANT4 based simulation for allsub-dete
tors is unpra
ti
al for this analysis, due to very low signal rate and the very highamount of events whi
h need to be simulated to make reliable predi
tions for the ba
kground
ontributions: the use of ATLFAST-II is absolutely 
ru
ial, sin
e it permits to de
rease theaverage time needed to simulate a single physi
s event from ≈ 20 minutes to ≈ 1 minute andmakes a realisti
 study of this 
hannel possible.The two most 
ru
ial ingredients in this analysis, where the dete
tor simulation needs toprovide a realisti
 answer, are jet �nding and b-tagging. The jet �nding algorithm imple-mented in this study is sensitive to the details of the jet-substru
ture. While the Monte Carlogenerator used in the study should des
ribe the jet shapes 
orre
tly at least up to leadinglogarithmi
 a

ura
y, it is extremely important that the fast 
alorimeter simulation repro-du
es realisti
ally the 
alorimeter response in this s
enario. A detailed 
omparison between aset of signal events simulated with ATLFAST-II and 
omplete full simulation is presented inSe
tion 7.10, where a su�
iently good agreement between the two simulations is found. These
ond 
ru
ial ingredient of the analysis, the use of b-tagging, relies mainly on the 
hargedparti
les re
onstru
ted as tra
ks in the inner dete
tor and only marginally on the jets asre
onstru
ted in the 
alorimeter, whi
h provides only the dire
tion used to asso
iate tra
ksto the jet. The simulation of tra
ks in the inner dete
tor in ATLFAST-II relies also on theGEANT4 full simulation, whi
h is the most realisti
 Monte Carlo based simulation parti
lephysi
ists have at their disposal.7.3 Event samplesAll potential signal and ba
kground 
ontributions must be 
onsidered. The WH analysis isbased on the identi�
ation of a high pT lepton from the W boson, transverse missing energy(Emiss
T ) from the asso
iated neutrino and, on the opposite side of the event, on two b-jets fromthe Higgs boson. The main signal 
ontribution is expe
ted from the WH pro
ess, but a minor
ontribution is expe
ted from ZH, where the Z boson de
ays leptoni
ally into two leptons,but one of them is missed in the dete
tor or is outside a

eptan
e and gives therefore rise to ahigh amount of Emiss

T . Given the ℓνbb̄ signature, the dominant ba
kground 
ontributions areexpe
ted from WZ, W+jet, tt̄ and single top (Wt 
hannel). Further minor 
ontributions areexpe
ted from Z+jets and the remaining di-boson produ
tion pro
esses ZZ and WW .The matrix element 
al
ulations used in the Monte Carlo generators for all these pro
essesare based on �xed order 
al
ulations at leading order in the perturbative expansion in the
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oupling 
onstant αs: the reason for not using Monte Carlo generators based on thenext-to-leading order expansion in αs is that no su
h a Monte Carlo generator is a
tuallyavailable for one of the main ba
kgrounds, Wbb̄ (or more in general Wjj). All results presentedin this study are therefore based on leading order predi
tions and 
ross se
tions only.For all expe
ted signal and ba
kground 
ontributions event samples were produ
ed withthe Herwig Monte Carlo generator [33, 81℄ using Jimmy [82℄ to simulate the underlyingevent, assuming a 
entre-of-mass energy of 14 TeV, and then passed through the ATLFAST-II simulation of the ATLAS dete
tor. An ex
eption is that the A
erMC [83℄ Monte Carlogenerator was used to produ
e single top (Wt) events, as well as additional Wbb̄ samplesused as a 
ross-
he
k. For the Wbb̄ sample A
erMC was interfa
ed to Herwig for the partonshowering and to Jimmy for the underlying event, while for the single-top sample Pythia [32℄was used. For all pro
esses, the CTEQ6L1 (leading order) PDFs were used [84℄.For some of the ba
kground pro
esses it is worth analysing if a leading order based MonteCarlo generator 
an be expe
ted to reprodu
e them su�
iently well. This is 
ertainly the
ase for the WH and ZH signal and for the di-boson WW , ZZ and WZ pro
esses. Thesepro
esses originate all from ele
troweak intera
tions. Eventual additional jets in the eventstem ex
lusively from initial state radiation: sin
e the Monte Carlo is leading order in thestrong 
oupling 
onstant only, this additional radiation is des
ribed only by the parton showeralgorithm, on top of the leading order matrix element. The parton shower approximation isexpe
ted to work well for initial state radiation only if the additional radiation is soft or
ollinear to the in
oming partons. The analysis sele
tion is su
h that two high pT bosons(where typi
ally pT > 200 GeV), in opposite dire
tions, will be sele
ted, while an eventualjet es
aping the veto will have typi
ally low transverse momentum, so it is expe
ted to bedes
ribed well by the parton shower approximation. The same argument applies also to the
tt̄ ba
kground, where the analysis typi
ally sele
ts two very boosted top quarks and the thirdjet must ne
essarily be soft, or it will again fail the jet veto.Unfortunately the same argument does not apply to the W+jet ba
kground, and, analo-gously, to the Z+jet ba
kground. In this 
ase, in fa
t, a single weak boson is present in theevent and, in order to fake the high pT Higgs boson 
andidate, at least two additional hardjets, preferably b-jets, must be present. While the �rst jet in Herwig for these pro
esses isprodu
ed dire
tly a

ording to the matrix element 
al
ulation, the se
ond one is only pro-du
ed by the parton shower algorithm: in the 
ase the se
ond jet is not su�
iently 
ollinearto the �rst or softer, the W+jet (or Z+jet) ba
kground 
an be signi�
antly underestimated.This needs to be 
arefully 
he
ked and is therefore worth a more detailed dis
ussion.In addition, the 
ontributions expe
ted from the s- and t-
hannels of single top produ
tion,from the tt̄Z pro
ess and from pure QCD di-jet produ
tion are 
onsidered to be negligible.This needs to be justi�ed and is also dis
ussed in more detail in the following.
W+jet ba
kgroundThe W+jet ba
kground, after b-tagging is applied, is dominated by the irredu
ible qq̄ →
Wg → Wbb̄ 
omponent. The kinemati
 region of this analysis, in whi
h a bb̄ pair is present athigh pT, is su
h that the leading-logarithmi
 parton-shower approximation as implemented inHerwig (or Pythia), whi
h is de�ned in the following as PS, 
an be expe
ted to work well.In general, these approximations in
lude the kinemati
ally dominant terms where the ratioof s
ales involved (in this 
ase the pT of the bb̄ system and either its mass or the relative pTof the b and b̄) is large. A large ratio for these s
ales would in fa
t 
orrespond respe
tively tothe 
ollinear and soft kinemati
 limits where the parton shower approximation is expe
ted tobe reliable. However, sin
e in the �nal sele
tion the bb̄ mass is relatively high (i.e. around the
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andidate mass), this ratio may for the lowest pT events be around two, whi
h isnot very large. While there is good eviden
e (see for example Ref. [85,86℄) that parton showersdo reprodu
e many event properties very well over a wide kinemati
 range, this 
an not bedire
tly extended to bb̄ produ
tion. In order to 
ross-
he
k the parton shower approximationin this kinemati
 region, the rate and kinemati
s of bb̄ produ
tion in Herwig was 
ompared toa �xed order αs 
al
ulation of Wbb̄ produ
tion, as implemented in A
erMC (whi
h we de�neas ME). A
erMC uses the full LO matrix element for Wbb̄ and Zbb̄ produ
tion, in
luding thee�e
t of the b-quark mass and a mat
hing to the initial-state parton-shower where the g → bb̄splitting 
an be signi�
ant. However, it does not in
lude a 
omplete mat
hing of the matrixelement on to the �nal-state parton-shower whi
h 
an in
lude the same splitting, and whi
his expe
ted to be an important 
ontribution in the kinemati
 region of this analysis: in theA
erMC sample the �nal-state parton-shower will a
t dire
tly on the two b-quarks produ
edby the matrix element. This means that the A
erMC samples will be missing some fra
tionof the parton shower, sin
e, due to fa
t that the bb̄ pair is produ
ed by the ME itself and dueto angular ordering, the bb̄ is in e�e
t for
ed to be the widest angle splitting, whereas in thefull parton shower in Herwig 
ontributions where a g → gg splitting is the widest in angle,but where a bb̄ pair is nevertheless still developed within the shower, will also be present.In order to have a referen
e, �rst the A
erMC (ME) and Herwig (PS) samples are 
om-pared, after applying the generator 
uts whi
h limit the pT (W ) to be higher than 150 GeV.Some kinemati
 distributions of the bb̄ system as produ
ed by Herwig and A
erMC are shownin Fig. 7.4. It 
an be 
learly seen that at low bb̄ invariant mass or low relative pT, the PSpredi
tion is enhan
ed with respe
t to the ME, due to higher order g → bb̄ splitting 
ontribu-tions, while, at high masses or high relative pT the PS approa
h breaks down, and only theME approa
h 
an �ll that region of phase spa
e. This means at at high gluon virtuality thePS result 
annot be trusted.However, in the spe
i�
 region of phase spa
e whi
h is relevant for the present analysis,after requiring pT (bb̄)> 200 GeV and imposing 1.3 > ∆R > 0.3, the pi
ture 
hanges sig-ni�
antly, as the kinemati
 distributions of the bb̄ system of Fig. 7.5 illustrate: most of thedistributions from A
erMC (ME) and Herwig (PS) are now in su�
iently good agreement.This is 
ertainly the 
ase for the mass of the b and b̄ system, in parti
ular in the mass regionaround mH ≈ 120 GeV, and for the relative pT of the b- and b̄-quarks (�rst and se
ond rowsof plots). Some small di�eren
es 
an be noti
ed in the plots in the third row: the pT of the bb̄system is slightly harder for the A
erMC simulation, 
onsistent with the present of an extragluon radiation in Herwig, where an extra gluon may 
arry o� some of the pT, and the
∆R distribution, whi
h shows some �u
tuations beyond statisti
al un
ertainty, with Herwighaving a tenden
y to fall o� faster at large ∆R as might be expe
ted.From this 
omparison it is possible to 
on
lude that both the ME and PS approa
h givevery similar results for the kinemati
s for the bb̄ system in the relevant region of phase spa
efor the present analysis. This is not too surprising, sin
e, after the requirement of having
pT (bb̄)> 200 GeV and imposing ∆R > 0.3, the region where the PS 
ontribution is enhan
edwith respe
t to the ME is 
ut out, while, imposing ∆R < 1.3, the region of highest gluonvirtuality (in parti
ular where the two b-quarks tend to be more ba
k-to-ba
k) is removed aswell.While the kinemati
 
on�guration of the bb̄ system is very similar in both the Herwig andA
erMC samples, the la
k of ME/PS mat
hing in the �nal state for A
erMC will lead to adepletion of gluon radiation, whi
h will have an impa
t on the re
onstru
tion e�
ien
y of thehadroni
 bb̄ system: therefore the Herwig samples were used for the mainstream analysis3.3In addition, in order to make the A
erMC Wbb̄ sample usable for some of the optimisation and veri�
ationstudies, the events of this sample were added to the Herwig sample (whi
h 
ontains also all non b-
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Figure 7.4: Distributions of important kinemati
 variables of the bb̄ system in Herwig and A
erMC, aftergenerator level 
uts (pT (W)> 150 GeV): invariant mass of the bb̄ system (top left), invariant mass of the bb̄system divided by pT (bb̄) (top right), relative pT (b,b̄) (middle left), relative pT (b,b̄) divided by pT (bb̄) (middleright), transverse momentum of the bb̄ system (bottom left) and ∆R(bb̄) (bottom right). All distributions arenormalised to their relative 
ross se
tions in fb.
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Figure 7.5: Distributions of important kinemati
 variables of the bb̄ system in Herwig and A
erMC, inthe phase spa
e region whi
h is relevant for the WH analysis (1.3 > ∆R(bb̄) > 0.3 and pT (bb̄)> 200 GeV):invariant mass of the bb̄ system (top left), invariant mass of the bb̄ system divided by pT (bb̄) (top right), relative
pT (b,b̄) (middle left), relative pT (b,b̄) divided by pT (bb̄) (middle right), transverse momentum of the bb̄ system(bottom left) and ∆R(bb̄) (bottom right). All distributions are normalised to their relative 
ross se
tions infb.



176 7 The WH → ℓνbb̄ analysis at high transverse momentaAll the above samples are leading order and/or leading logarithmi
. At the LHC, a largeenhan
ement in the Wbb̄ 
ross se
tion is expe
ted at NLO, essentially be
ause a new pro-
ess (qg → Wbb̄j), whi
h 
annot just be des
ribed with additional initial state radiation,
omes into play at NLO (see Refs. [87, 88℄): however, in this 
ase an additional hard jet isexpe
ted in the event and, due to the jet veto implemented in the analysis, this additionalNLO 
ontribution is expe
ted to be largely redu
ed, as des
ribed in Ref. [89℄. In addition,the leading-logarithmi
 
ontribution to this 
orre
tion will again be in
luded in Herwig.Single top ba
kgroundFor the single top ba
kground, three di�erent 
hannels have to be 
onsidered: s and t-
hanneland Wt produ
tion. In the hadron level study performed in Ref. [1℄, it was noti
ed thatthe single top s- and t-
hannels produ
e a negligible level of ba
kground; while the s 
hannel(qq → tb) has a very low 
ross se
tion (7.1pb at LO), the t 
hannel gq → qt(b) has a large
ross se
tion (251 pb at LO), but in both 
ases they 
an hardly fake the signal topology, wherea heavy highly boosted obje
t de
aying to a b-quark pair is expe
ted together with a high pT

W boson de
aying into a lepton on the other side: in fa
t, in these 
hannels one of the two
b-jets is either soft or it goes into a dire
tion whi
h is opposite to the dire
tion of the top,where the other b-jet needs to 
ome from and whi
h needs to be su�
iently boosted in orderto produ
e a high pT W boson. For this reason no single top events for the s and t-
hannelswere produ
ed in this study. However, the Wt 
hannel needs to be 
onsidered, be
ause itstopology is extremely 
lose to the signal, with one W boson on one side and a top quark onthe other side, whi
h fakes the Higgs boson 
andidate in 
ase one of the three produ
ed jetsfrom the top is very soft and remains undete
ted, while the remaining c- and b-quarks fakethe bb̄ pair. This ba
kground was not 
onsidered in Ref. [1℄ and is studied here for the �rsttime.Asso
iated produ
tion of a Z boson with a top quark pairNo event sample was generated and simulated for the tt̄Z ba
kground. However a simpleparton level study was performed, whi
h 
on�rms that this ba
kground does not provide asigni�
ant 
ontribution. The result is reported in Se
tion C.1 of the appendix.QCD multi-jet ba
kgroundFinally, no ba
kground from QCD multi-jet events was 
onsidered. In order to redu
e theimpa
t of eventual jets faking leptons, an isolation requirement on muons and ele
trons isapplied. There is nothing parti
ular in this analysis whi
h should enhan
e the QCD fakeba
kground 
ompared to more normal W and Z studies, where su
h ba
kgrounds are foundto be very small [44℄, however, the kinemati
 
on�guration and �avour 
omposition sele
ted inthis analysis is su�
iently di�erent, so that a more detailed study of su
h ba
kgrounds wouldbe of value. Unfortunately more detailed studies su�er from the extremely high 
ross se
tionsand tiny sele
tion a

eptan
e of su
h pro
esses, so that the generation of su
h samples wouldrequire huge statisti
s and therefore a very large amount of 
omputing resour
es, even relyingon ATLFAST-II for the simulation. In general, given the high pT 
uts adopted in the analysisjet 
ontributions), but, in order to avoid double 
ounting the 
ommon bb̄ 
ontributions, the qq → Wg
omponent where a b and a b̄ are produ
ed in the parton shower was �rst removed from the Herwigsample, keeping the remaining qq → Wg 
omponent and all events produ
ed in Herwig by the qg → WqMatrix Element.
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ation 177both for the W and Higgs boson 
andidates, it should be more di�
ult for the QCD dijetba
kground to pass the analysis 
uts than in more in
lusive analyses.A bit more in detail, 
onsidering the ℓνbb̄ signature sele
ted by this analysis, the QCDba
kground 
ontribution 
ould in prin
iple arise either due to a fake or due to a real lepton(plus in both 
ases real or fake Emiss
T ). While the fake lepton 
ontribution should be small,sin
e it requires the 
orrelated presen
e of a fake lepton and of a high amount of Emiss

T , su
hthat pT (Emiss
T +ℓ) > 200 GeV, the 
ontribution from a real lepton from the semi-leptoni
 de
ayof a b- or c−hadron for example in gb → bb̄b or gc → bb̄c 
ould be potentially dangerous; in the
ase of these pro
esses, the 
orner of phase spa
e where the fragmentation of a b- or c-quarkwith pT > 200 GeV into the 
orresponding leptoni
ally de
aying b- or c-hadrons does notprodu
e additional parti
les stemming from the primary event is very small, so most of thisba
kground should fail the lepton isolation requirement.List of samplesAll generated samples were passed through the ATLFAST-II simulation by using release13.0.40.5 of the ATLAS simulation and re
onstru
tion software ATHENA and rely on theATLAS-CSC-02-00-00 version of the ATLAS dete
tor geometry: they do not in
lude thesimulation of pile-up and 
avern ba
kground. The WH signal sample at a referen
e mass of120 GeV was also passed through the full simulation of the ATLAS Dete
tor, in order to makethe 
omparison between full simulation and ATLFAST-II possible.The details of the event samples used in this study are given in Table 7.1. For the signalsamples, referen
e Higgs boson masses of 115, 120 and 130 GeV were 
hosen. For te
hni
alreasons, the tt̄ sample is divided into two, one where the two top quarks have a pT >150 GeV(before eventual QCD radiation) and the 
omplementary sample with the two top quarkshaving pT <150 GeV.Pro
ess Generator 
ut σ(pb) Additional �lter after generation Filter e�
ien
y

WH(115) none 1.157 pb pT(H) > 150 GeV, pT(W ) > 100 GeV, pT(e, µ)> 15 GeV 4.04 ± 0.03%
WH(120) none 0.953 pb pT(H) > 150 GeV, pT(W ) > 100 GeV, pT(e, µ)> 15 GeV 4.38 ± 0.04%
WH(130) none 0.602 pb pT(H) > 150 GeV, pT(W ) > 100 GeV, pT(e, µ)> 15 GeV 5.19 ± 0.03%

WH(120) none 0.953 pb pT(H) > 150 GeV, Emiss

T
> 100 GeV 4.39 ± 0.04%

ZH(115) none 0.660 pb pT(H) > 150 GeV, pT(Z) > 100 GeV, pT(e, µ)> 15 GeV 3.21 ± 0.02%
ZH(120) none 0.545 pb pT(H) > 150 GeV, pT(Z) > 100 GeV, pT(e, µ)> 15 GeV 3.51 ± 0.02%
ZH(130) none 0.347 pb pT(H) > 150 GeV, pT(Z) > 100 GeV, pT(e, µ)> 15 GeV 4.18 ± 0.03%

WW p̂min

T
= 150 GeV 2.059 pb pT(e, µ)> 15 GeV 40.7 ± 0.4%

ZZ p̂min

T
= 150 GeV 0.440 pb pT(e, µ)> 15 GeV 61.2 ± 0.2%

WZ p̂min

T
= 150 GeV 0.96 pb pT(e, µ)> 15 GeV 33.6 ± 0.2%

tt̄ p̂min

T
= 150 GeV 112.7 pb pT(e, µ)> 20 GeV 47.5 ± 0.2%

tt̄ p̂max

T
= 150 GeV 298.7 pb pT(e, µ)> 20 GeV 39.8 ± 0.5%

Z + jet p̂min

T
= 150 GeV 160.3 pb pT(e, µ)> 15 GeV 13.2 ± 0.2%

W + jet p̂min

T
= 150 GeV 384.5 pb pT(e, µ)> 15 GeV 21.1 ± 0.1%

Wbb̄ none 89.96 pb pT(W ) > 150 GeV, pT(e, µ)> 15 GeV 0.51 ± 0.01%
Wt none 57.896 pb pT(W ) > 150 GeV, pT(top) > 100 GeV, pT(e, µ)> 15 GeV 9.76 ± 0.09%Table 7.1: Monte Carlo samples produ
ed for the present study. All samples have been produ
ed withthe Herwig Monte Carlo generator, ex
ept for the Wbb̄ and single top samples, whi
h were produ
ed withA
erMC. All 
ross se
tions are given at LO.7.4 Higgs Candidate Identi�
ation7.4.1 Jet �nding strategyThe jet �nding algorithm for this analysis has been implemented a

ording to the pro
eduredes
ribed in Ref. [1℄. Here the overall strategy for 
lustering will be re
alled and some detailsabout the a
tual implementation in ATLAS and about its interplay with jet 
alibration and
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b-tagging will be given. In a later se
tion (7.8.1), the WH analysis based on the this newjet 
lustering approa
h will be also 
ompared to the same analysis performed with a moretraditional 
one based jet 
lustering algorithm, in order to understand the real advantage ofthe new 
lustering method, after a realisti
 dete
tor simulation is 
onsidered.When a highly boosted Higgs boson de
ays, it produ
es in most 
ases a single fat jet
ontaining two b-quarks. The identi�
ation strategy proposed in Ref. [1℄ uses the in
lusive,longitudinally invariant Cambridge/Aa
hen (C/A) algorithm [90, 91℄ to �exibly adapt to thefa
t that the bb̄ angular separation varies signi�
antly with the Higgs boson pT and de
ayorientation.The C/A jet �nding algorithm is analogous to the k⊥ algorithm [92,93℄, where the followingiterative pro
edure is used: a 
ertain distan
e is de�ned between all pairs of parti
les i and j,the 
losest pair is 
ombined, all distan
es are updated and the pro
edure is repeated until allobje
ts are separated by more than a �xed minimum distan
e. The di�eren
e is that in the
k⊥ algorithm the distan
e is de�ned as min(pT,i, pT,j)∆R(i, j), while in the C/A algorithmthe distan
e is simply ∆R(i, j). Here ∆R(i, j) is de�ned as ∆Rij =

√
(yi − yj)2 + (φi − φj)2,where y is the pseudo-rapidity and φ the azimuthal angle. The full 
lustering history abovea minimum ∆Ri,j = 0.07, is stored to be used later for the substru
ture de
ompositionpro
edure.When applying the jet 
lustering method on real re
onstru
ted events, in this pro
edure the�nal state parti
les are substituted by topologi
al 
lusters identi�ed in the ATLAS 
alorime-ter: these are three-dimensional 
lusters of energy in whi
h deposits of energy in the single
alorimeter 
ells are dynami
ally grouped together, trying, in the limit of what the 
alorime-ter granularity and resolution e�e
ts allow, to let topo
lusters 
orrespond to single parti
lesentering the 
alorimeter, as des
ribed more in detail in Se
tion 4.3.All jets j 
orresponding to the history stage at ∆Rij = 1.2, that is the stage at whi
hall jets are separated from ea
h other by at least ∆R = 1.2, are sele
ted. Those jets with

pT > 200 GeV and |η| < 2.5 are subje
ted to an iterative de
omposition pro
edure involvingtwo dimensionless parameters, µ and ycut. A full explanation of the pro
edure 
an be foundin Ref. [1℄, and the main stages are dire
tly quoted below:1. Break the jet j into two subjets by undoing its last stage of 
lustering. Label the twosubjets j1, j2 su
h that mj1 > mj2 .2. If there was a signi�
ant mass drop (MD), mj1 < µmj, and the splitting is not tooasymmetri
, y =
min(p2

tj1
,p2

tj2
)

m2
j

∆R2
j1,j2

> ycut, then deem j to be the heavy-parti
leneighbourhood and exit the loop. Note that y ≃ min(ptj1 , ptj2)/max(ptj1 , ptj2).3. Otherwise rede�ne j to be equal to j1 and go ba
k to step 1.In the above quoted list, the �heavy-parti
le neighbourhood� is the region to whi
h angularordered QCD radiation from the Higgs boson de
ay produ
ts is expe
ted to be 
on�ned. Thetwo parameters µ and ycut are 
hosen independently of the Higgs boson mass and of pT. A
hoi
e of µ = 1/
√

3 ensures in prin
iple that if, in its rest frame, the Higgs boson de
ays insu
h a way that the energy is equally shared between the three partons in a bb̄g 
on�guration,then it will still trigger the mass drop 
ondition. The 
ut on y ≃ min(zj1 , zj2)/max(zj1 , zj2),where zj1 and zj2 are the momentum fra
tions of the two quarks, eliminates the asymmetri

on�gurations that most 
ommonly generate signi�
ant jet masses in non-b or single-b jetsbe
ause of the high probability of soft gluon radiation. In this analysis a small dependen
ewas found on the pre
ise value of µ used, while a bit stronger dependen
e is found on the
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ation 179value of y, whose impa
t on the analysis will be evaluated in a later step: the optimal valuehas been 
hosen to be ycut = 0.1.The angular distan
e between j1 and j2, Rbb̄, de�nes the distan
e between the two b-quarks.In order to obtain a good b-tagging performan
e, a reliable separation and re
onstru
tion ofthe two b-subjets is needed, so that the dire
tion of the two b-subjets 
an be 
onsidered asa reasonable approximation for the dire
tion of the outgoing b-partons after eventual QCD�nal state radiation. This is 
ru
ial in order to 
orre
tly asso
iate to the two subjets their
harged-parti
le tra
ks as re
onstru
ted in the inner dete
tor, avoiding to a large extent 
ross-talk between the two subjets.At this stage, the e�e
tive size of jet j will be just su�
ient to 
ontain the QCD radiationfrom the Higgs boson de
ay, whi
h, be
ause of angular ordering [94�96℄, will be almost entirelyemitted in the two angular 
ones of size Rbb̄ around the b-quarks. Sin
e this radius sets theangular s
ale (
andidate-by-
andidate) of the Higgs boson de
ay, it makes sense to re-
luster,or �lter the 
andidate using this information. This involves rerunning the C/A algorithm onthe jet 
onstituents, using a �ner angular s
ale, Rfilt < Rbb̄, and taking the three hardestobje
ts (sub-jets) that appear � thus one 
aptures the dominant O (αs) radiation from theHiggs boson de
ay, while eliminating mu
h of the 
ontamination from the underlying event.A 
hoi
e of Rfilt = min(0.3, Rbb̄/2) is made. The jet j is a

epted as a Higgs boson 
andidateif the two hardest subjets have b tags. The �ltering pro
edure provides also an e�e
tive wayto remove some of the 
ontributions arising dire
tly from the showering of the b-quark beforehadronisation (i.e. no long-lifetime 
omponent) and thus improves the angular resolution ofthe two hardest subjets with respe
t to the two b-hadrons arising from the b-quark pair, whi
his a fundamental ingredient for b-tagging.Finally, the 
ut at pT > 200GeV is re-applied to the momentum of the �ltered Higgs boson
andidate. The �ltered four-momentum, 
omputed from the three highest pT �ltered subjets,is 
onsidered in all subsequent steps.7.4.2 Invariant mass resolutionAt any stage of the jet 
lustering algorithm, the jet mass, m, is de�ned summing up the fourmomenta of all 
onstituents 
onsidered for the 
lustering. The topologi
al 
lusters used as basi
input for the jet 
lustering algorithm are treated as massless. The energy of the topologi
al
lusters used as input to the jet 
lustering algorithm needs to be 
alibrated, to 
ompensatefor the di�erent response of parti
les from the jet starting an ele
tromagneti
 or hadroni
shower in the 
alorimeter and for the energy lost in the dead material of the 
alorimeter. Asdes
ribed in Se
 4.3, the default 
alibration pro
edure used in ATLAS relies on the H1-stylebased 
alibration, whi
h is applied dire
tly on the �nal jet and has two separate 
orre
tionterms: a 
ell-by-
ell 
orre
tion applied on all 
ells whi
h belong to the jet 
onsidered and anoverall 
orre
tion whi
h depends on the jet transverse momentum and pseudo-rapidity. These
ond 
orre
tion is essentially only an overall jet energy s
ale 
orre
tion, whi
h a

ounts alsofor the average out-of-
one 
ontributions expe
ted for jets of a prede�ned size. The H1-style
alibration is applied here, but only the 
ell-by-
ell 
orre
tion is 
onsidered. An additionaloverall s
ale 
orre
tion is 
onsidered later, in Se
tion 7.9.In order to estimate the a
hievable mass resolution, an unbinned likelihood �t to the massdistribution is applied, assuming the following fun
tional form:
f(x;m,σ±, α±) = exp

[
− (x − m)2

2σ2
± + α±(x − m)2

]
, (7.2)whi
h, thanks to the parameters α±, 
an a

ount 
orre
tly also for the non-Gaussian tails ofthe distribution. The result is shown in Fig. 7.6, together with the �tted parameters. It 
an
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Figure 7.6: Distribution of the invariant mass (in GeV) of the Higgs boson 
andidate after the jet �ndingalgorithm is applied on the WH → ℓνbb̄ signal sample, with mH = 120 GeV (Monte Carlo data points, with�t superimposed). The full analysis sele
tion, ex
ept for the mass window 
ut, is applied. The �t parametersare illustrated in the table on the right.be noti
ed that the jet energy s
ale is slightly overestimated, resulting in an invariant massof 123 ± 1 GeV, where it should be 
onsidered that a value lower than 120 GeV is expe
ted,due to the frequent presen
e of neutrinos from the semileptoni
 de
ays of b- or c-hadrons in
b-jets whi
h remain undete
ted. The a
hievable 
ore resolution is around 10%.7.4.3 Identi�
ation of b-subjetsThe identi�
ation of the two b-quarks originating from the Higgs boson is 
ru
ial for separatingthe signal from the large ba
kgrounds, most of whi
h are dominated by u, d and s-quark jets.In order to apply b-tagging on them, tra
ks have to be asso
iated separately to ea
h of thetwo subjets. The simplest way to perform this task is to take all tra
ks whose momenta at thepoint of 
losest approa
h to the intera
tion point in the transverse plane are within a 
ertain
∆R from the subjet dire
tion as determined by the jet 
lustering algorithm, a

ording to thestrategy already de�ned for 
onventional jets in Se
tion 6.2 of Chapter 6. However, for thetwo subjets from the Higgs boson 
andidate, the jet dire
tion 
an be de�ned in di�erent ways,therefore three strategies have been studied:

• Using the dire
tions of the two unbran
hed subjets before the �ltering pro
edure;
• Using the dire
tion of two or three subjets as determined after �ltering the unbran
hedsubjets, applying b-tagging on all of them and 
hoosing the two with highest b-jetprobability;
• Using the dire
tion of subjets as determined after �ltering the unbran
hed subjets,
hoosing the two among them with the highest transverse momentum.The subjet dire
tion after �ltering yields a better estimate of the dire
tion of the outgoing

b-hadron, sin
e it �lters out 
ontributions from QCD radiation, and thus improves the b-tagging performan
e. At the same time, it turns out that applying b-tagging to all the subjetsafter �ltering, and then 
hoosing the two with highest b-weight, in
reases 
onsiderably theamount of tt̄ ba
kground. So the last of the three listed strategies is adopted in the following.
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ation 181For the distan
e in pseudo-rapidity ∆R between the subjet dire
tion and the tra
k momentaa �xed value of 0.4 is used, without any dependen
e on ∆R(subjet 1, subjet 2), pT or η ofthe two subjets: su
h a dependen
e might be used in future to improve further the b-taggingperforman
e. Every tra
k 
an be assigned to one only subjet, so in 
ase of overlaps a tra
k isassigned to the nearest in ∆R of the two subjets.The dire
tion of the subjet momentum has been 
orre
ted to take the displa
ement of theprimary vertex in z with respe
t to the nominal position of the intera
tion point into a

ount.In fa
t the dire
tion asso
iated with ea
h 
alorimeter 
ell provides a good estimate of themomentum of a parti
le depositing its energy in the 
alorimeter only under the hypothesisthat the parti
le originated in (0,0,0). While the transverse displa
ement of the primaryvertex with respe
t to the nominal position of the beam spot is negligible, the longitudinaldispla
ement is not and 
an be a

ounted for with the 
orre
tion:
θcorrected = arccotan

(
cotan (θsubjet) −

zPV

rcal

)where rcal is the average distan
e in the transverse plane from (0, 0) of the energy deposits inthe 
alorimeter. Even though for rcal a jet based value 
ould be used, here an average value of
1.750 m is used, whi
h has been 
hosen by minimising the subjet dire
tion root mean squaredresidual. This 
orre
tion provides a small improvement in the subjet dire
tion resolution withrespe
t to the b-quark dire
tion.No attempt has been made in this study to 
ombine the information 
oming from the spatial
b-tagging algorithms (based on the b-hadron lifetime) with the b-tagging algorithms based onthe re
onstru
tion of a lepton from a semileptoni
 b-hadron de
ay.After the tra
ks are asso
iated to the subjets, b-tagging is applied on them, by using the twomost powerful b-tagging algorithms available in ATLAS, already introdu
ed in Chapter 64.The two 
onsidered algorithms are IP3D+SV1, whi
h 
ombines the information from theimpa
t parameter based algorithm IP3D with the in
lusive se
ondary vertex based algorithmSV1, and the neural network based algorithm IP3D+JetFitter, whi
h 
ombines the sameimpa
t parameter based algorithm with the information provided by the de
ay 
hain �t ofthe JetFitter vertex re
onstru
tion algorithm.In order to improve the reje
tion against c-jets, the ability of the JetFitter based b-tagging al-gorithm to provide a dis
riminating variable whi
h 
an be spe
i�
ally optimised to a
hieve thebest overall 
ombined reje
tion of c- and light-jets is exploited, as des
ribed in Se
tion 6.10.4.The dis
riminator is based on Eq. 6.39, whi
h is reprodu
ed here for simpli
ity:

discr =
P (b)

P (b) + clP (l) + (1 − cl)P (c)
(7.3)Using the b-tagging pro
edure just de�ned, the b-tagging performan
e for the spe
i�
 topo-logi
al 
on�guration and ba
kground �avour 
omposition of this analysis is analysed in moredetail in Se
tion 7.7. As a result of this optimisation, for the �nal analysis sele
tion theIP3D+JetFitter b-tagging algorithm based on the neural network approa
h, is applied onboth subjets from the Higgs boson 
andidate, by applying a 
ut based on the dis
riminatorof Eq. 7.3, 
hosen to 
orrespond to a single b-subjet e�
ien
y of ≈ 63% (whi
h 
orrespondsto a bb̄ tagging e�
ien
y of 40%) and with the prior light jet ba
kground 
omposition set to

cl = 0.2.4The b-tagging algorithms are applied using the ATLAS re
onstru
tion software ATHENA (release 14.0.0);the 
alibration is based on the release 13 
alibration �les for �
onventional� 
one jets with size R = 0.4.
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tion and sensitivity based on event 
ountingIn this se
tion the pro
edure used to sele
t �nal states 
ompatible with the 
ontributionexpe
ted from the WH → ℓνbb̄ signal is explained in detail. The sele
tion is then applied onall simulated signal and ba
kground samples 
onsidered in this study and a �rst evaluationof the dis
overy sensitivity of this analysis to a Standard Model Higgs boson with a mass of120 GeV is presented.The pro
edure used to identify and separate the basi
 physi
s obje
ts expe
ted in a WHevent is the following:
• The highest pT muon or ele
tron is identi�ed.
• The Higgs boson 
andidate is sele
ted using the pro
edure des
ribed in Se
tion 7.4,in
luding the appli
ation of b-tagging.
• Additional jets in the event are identi�ed to be used for the additional jet veto, using asimple in
lusive k⊥ algorithm with R = 0.4.
• Events with additional ele
trons or muons in the event are reje
ted.For a muon to be a

epted as the 
andidate lepton from the W boson de
ay, it must bere
onstru
ted as a tra
k segment both in the muon and in the inner dete
tor system, and agood mat
h is required between the two. In addition a loose isolation 
riterion is applied, sothat that:

ET,cone

Et(µ)
< 25%,where ET,cone is the amount of transverse energy in the 
alorimeter in a 
one of ∆R = 0.4around the tra
k, extrapolated to the position where the tra
k hits the 
alorimeter.For an ele
tron to be a

epted as the 
andidate lepton from the W boson, it is requiredto pass the standard ATLAS medium quality ele
tron identi�
ation (isEM=medium), as de-s
ribed in Se
tion 4.2, and the 
alorimeter isolation requirement is:

ET,cone(∆R = 0.2)

pT(e)
< 10%.For the leptons to be 
onsidered for the veto, they must not be in proximity to any of thetwo Higgs subjets (i.e. they must be further away than ∆R = 0.4 from any of them or theyhave to pass the 
omplementary isolation requirement); muons do not need to have 
ombinedinner dete
tor - muon system tra
ks, while ele
trons only need to ful�l a looser ele
tronidenti�
ation (isEM=loose) requirement. Jets overlapping with the highest pT lepton in theevent (∆R(lepton,jet)< 0.2) are not 
onsidered for the jet veto.After a basi
 de�nition of the physi
s obje
ts, the event sele
tion is applied. In this 
hannel,two sele
tions are de�ned. A �tight� set of 
uts is used to allow a 
lose 
omparison to theparti
le-level result of Ref. [1℄, based on a simple event-
ounting estimate of the signi�
an
e.In addition a set of �loose� 
uts is also used, in order to provide input to a more sophisti
atedlog-likelihood �t, des
ribed in Chapter 8.The basi
 sele
tion 
uts are listed in Table 7.2 and their impa
t on the number of expe
tedevents in the signal and the main ba
kground samples is illustrated. The 
ut on ∆φ ismotivated by the fa
t that the W and the H bosons are expe
ted to be ba
k-to-ba
k in thetransverse plane. In order for a b- or light jet to be 
onsidered for the veto, they are requirednot to overlap with any of the two leading �ltered subjets from the Higgs 
andidate (theminimum ∆R allowed between the Higgs subjets and the kT jets used for the veto has been



7.5 Analysis sele
tion and sensitivity based on event 
ounting 183WH(115) WH(120) WH(130) WZ tt̄(pmin

T
) Wt W+jetAfter �lter 
uts 1402.3 ± 7.2 1252.8 ± 7.8 946.1 ± 4.9 9331 1609356 169519 24338851 Higgs 
andidate 646.2 ± 2.8 569.7 ± 3.0 429.7 ± 1.9 3509.7 ± 8.0 806175 69375 562030�ltered pT (H)> 200 GeV 581.7 ± 2.9 512.7 ± 3.2 387.6 ± 2.0 3108 ± 10 709271 60241 413406Missing ET > 30 GeV 413.7 ± 2.9 362.4 ± 3.2 273.6 ± 2.0 2183 ± 13 552284 46779 318400

pT (W) > 200 GeV 194.3 ± 2.4 171.0 ± 2.6 128.0 ± 1.6 1216 ± 12 137946 18524 206331
pT (e/µ)>30 GeV 166.2 ± 2.2 145.6 ± 2.4 108.1 ± 1.5 996 ± 11 115053 15724 178004

pT (additional µ)<10 GeV 165.1 ± 2.2 144.6 ± 2.4 107.3 ± 1.5 942 ± 11 106836 14992 177542
pT (additional e)<10 GeV 162.9 ± 2.2 142.9 ± 2.4 105.8 ± 1.5 885 ± 11 97305 13881 174941

∆φ(W,H)> 2

3
π 161.9 ± 2.2 142.2 ± 2.4 104.9 ± 1.5 841 ± 11 84773 12999 167704no additional b-jets pT >15 GeV 150.7 ± 2.2 130.6 ± 2.3 95.1 ± 1.4 790 ± 10 30605 7805 160608add. jets on W side pT <60 GeV 133.2 ± 2.1 115.7 ± 2.2 83.6 ± 1.4 637.2 ± 9.5 19422 5870 121437add. jets on H side pT <60 GeV 119.8 ± 2.0 102.7 ± 2.1 75.2 ± 1.3 525.6 ± 8.8 13841 4370 94055one subjet b-tagged 108.2 ± 1.9 91.4 ± 2.0 66.8 ± 1.2 126.1 ± 4.5 8638 2421 6964both subjets b-tagged 54.3 ± 1.4 45.6 ± 1.4 32.85 ± 0.89 43.7 ± 2.7 576 161.4 ± 7.0 266loose �t 
uts 54.2 ± 1.4 45.4 ± 1.4 32.75 ± 0.89 43.0 ± 2.7 565 156.3 ± 6.9 257ZH(120) WW ZZ tt̄(pmax

T
) Z+jetAfter �lter 
uts 574.2 ± 3.3 25140 8079 3566400 6492151 Higgs 
andidate 295.9 ± 1.3 8428.0 ± 5.0 3372.1 ± 8.1 160154 225597�ltered pT (H)> 200 GeV 267.8 ± 1.4 7355 ± 12 2993.4 ± 9.4 103170 175061Missing ET > 30 GeV 141.9 ± 1.3 6217 ± 15 1414 ± 10 75129 62883

pT (W) > 200 GeV 33.86 ± 0.76 4166 457.5 ± 6.7 3320 13514
pT (e/µ)>30 GeV 9.06 ± 0.41 3463 264.2 ± 5.3 2899 10135

pT (additional µ)<10 GeV 5.69 ± 0.32 3441 177.9 ± 4.4 2508 7174
pT (additional e)<10 GeV 3.56 ± 0.26 3361 121.7 ± 3.6 2037 4741

∆φ(W,H)> 2

3
π 3.43 ± 0.25 3257 112.0 ± 3.5 1638 4081no additional b-jets pT >15 GeV 3.04 ± 0.24 3128 102.4 ± 3.3 494 3751add. jets on W side pT <60 GeV 2.35 ± 0.21 2525 82.2 ± 3.0 323 2746add. jets on H side pT <60 GeV 2.15 ± 0.20 2083 ± 14 68.9 ± 2.8 233 2146one subjet b-tagged 1.94 ± 0.19 269.9 ± 5.8 16.8 ± 1.4 134 ± 14 207 ± 13both subjets b-tagged 0.96 ± 0.13 5.43 ± 0.84 5.26 ± 0.77 7.6 ± 3.4 12.5 ± 3.1loose �t 
uts b-tagged 0.96 ± 0.13 5.43 ± 0.84 5.26 ± 0.77 7.6 ± 3.4 12.5 ± 3.1Table 7.2: Number of events passing the sele
tion at ea
h stage for the signal pro
esses of di�erent Higgsboson masses and the ba
kground pro
esses. The numbers are proje
ted to 30 fb−1 of 
olle
ted data, basedon LO MC 
ross se
tions. WH(115) WH(120) WH(130) WZ tt̄(pmin

T
) Wt W+jetadd. jets on W side pT <20 GeV 98.9 ± 1.8 83.2 ± 1.9 62.5 ± 1.2 461.3 ± 8.3 7227 3343 86087add. jets on H side pT <20 GeV 67.0 ± 1.5 55.8 ± 1.6 41.17 ± 0.99 275.6 ± 6.6 1895 1142 48229one subjet b-tagged 55.5 ± 1.4 46.4 ± 1.5 33.50 ± 0.90 49.8 ± 2.9 986 498 ± 12 1825both subjets b-tagged 23.05 ± 0.91 19.51 ± 0.96 13.98 ± 0.59 16.5 ± 1.7 38.9 ± 4.9 18.2 ± 2.4 87.3 ± 9.0112 GeV < mass(H) < 136 GeV - 13.25 ± 0.79 - 1.18 ± 0.45 5.6 ± 1.9 4.2 ± 1.1 8.3 ± 2.8ZH(120) WW ZZ tt̄(pmax

T
) Z+jetadd. jets on W side pT <20 GeV 1.26 ± 0.15 1835 ± 14 46.3 ± 2.3 87 ± 12 1571add. jets on H side pT <20 GeV 0.93 ± 0.13 1134 ± 11 28.4 ± 1.8 18.3 ± 5.3 850one subjet b-tagged 0.78 ± 0.12 68.9 ± 3.0 6.26 ± 0.84 7.6 ± 3.4 49.9 ± 6.2both subjets b-tagged 0.333 ± 0.079 0.65 ± 0.29 1.68 ± 0.43 1.5 ± 1.5 3.9 ± 1.7112 GeV < mass(H) < 136 GeV 0.278 ± 0.072 0.13 ± 0.13 0.11 ± 0.11 0.0 ± 1.5 0.78 ± 0.78Table 7.3: Expe
ted number of events with tighter sele
tion 
uts for an integrated luminosity of 30 fb−1.optimised to a value of 0.32). The b-jet veto is applied at a b-tagging e�
ien
y of ≈ 75%, so

≈ 25% of the b-jets are supposed to es
ape the veto. For 
onvenien
e the veto on light jetsin the table is divided into a veto on either the Higgs boson or W boson side, a

ording towhi
h of the two is nearer to the jet to veto in the transverse plane. Finally the values ofHiggs boson mass, pT(Higgs), pT(additional jet) and ∆η(W,H) are required to be within therange to be used for the maximum likelihood �t.The dominant ba
kgrounds are W+jet, tt̄ and Wt. The W+jet ba
kground is stronglyredu
ed by the requirement of two b-tagged subjets, so the remaining ba
kground is dominatedby the irredu
ible Wbb̄ 
ontribution. The 
ase of tt̄ and Wt is more 
omplex, sin
e the presen
eof b and c quarks in the �nal state makes b-tagging less powerful in reje
ting this ba
kground;however, in parti
ular for tt̄, vetoing additional b-jets and the remaining well identi�ed light-jets in the event down to a 
ertain pT 
an suppress a good part of this 
ontribution.



184 7 The WH → ℓνbb̄ analysis at high transverse momentaThe tight sele
tion is applied on top of the loose one and is shown in Table 7.3. In this 
asea harder jet veto is applied, vetoing any additional jets with pT < 20 GeV and up to |η| < 5,and a tighter b-tagging requirement, 
orresponding to a bb̄ tagging e�
ien
y of 40%.Sin
e most of the Monte Carlo samples used were produ
ed with a generator �lter 
ut onthe two �nal state partons produ
ed by the 2 → 2 matrix element at p̂min
T = 150 GeV (ex
eptfor the tt̄ ba
kground), it is reasonable to look at the shape of the variables used for thesele
tion only after the bias introdu
ed by this �lter is removed. This is most e�e
tively donerequiring a single high pT Higgs boson 
andidate to be re
onstru
ted with pT > 200 GeV andon the other side a W boson with pT > 200 GeV (�rst four 
uts in Table 7.2). After these�rst 
uts are applied, the distributions for pT(W ) and for Emiss

T are as shown in Fig. 7.7. Thedistributions are not too di�erent between the signal and the ba
kground 
omponents, sin
ein nearly all 
ases the dominant 
ontribution is from real W bosons. In all distributions shownhere and in the following, the WZ, ZZ and WW ba
kground 
omponents are summed uptogether in the di-boson V V ba
kground, the W+jet and the Z+jet ba
kgrounds are in
ludedin the V +jet ba
kground, and the ZH sample passing through the sele
tion is added up tothe WH signal. It should, however, be kept in mind that the ba
kground is dominated by
W+jet, tt̄, Wt and WZ at any stage of the analysis.
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Figure 7.7: Distribution for pT(W ) (left) and Emiss
T (right) after the �rst four 
uts of Table 7.2. Theba
kgrounds are added on top of ea
h other, to provide the overall ba
kground shape. The signal, with

mH = 120 GeV, is just added in foreground.Fig. 7.8 (left) shows the distribution of the di�eren
e in azimuthal angle ∆φ between theHiggs and the W boson 
andidates, after the lepton veto 
uts have been applied. As 
an beseen from the signal distribution, a 
ut at ∆φ(W,H) > 2
3π is extremely 
onservative, however,this value has been 
hosen keeping in mind eventual NLO e�e
ts, due to the possible presen
eof additional hard QCD radiation in the signal whi
h would de
rease the rate at whi
h the

W and Higgs bosons are emitted exa
tly ba
k-to-ba
k5.Fig. 7.8 (right) shows the distribution of additional b-jets in the event, after having appliedthe ∆φ 
ut. Fig. 7.9 shows the b-weight distributions, after having applied the jet veto 
ut ofthe tight sele
tion (at 20 GeV). The b-weight is de�ned as log(discr), where discr is de�nedin Eq. 7.3 and a value of cl = 0.2 is used: b-tagging is applied in the tight sele
tion by requiringthe b-weight to be below 1.5. The �rst sele
tion 
ut on the highest of the two b-weights of thetwo subjets from the Higgs boson 
andidate dramati
ally redu
es the very large ba
kgrounds5A more re
ent evaluation of possible NLO e�e
ts on the signal using the MC�NLO generator seems toex
lude this, so in the future a tighter 
ut 
ould be used to try to in
rease the analysis signi�
an
e.
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Figure 7.8: Distributions for ∆φ between the Higgs boson and the W boson (left) and the distribution oftransverse momenta of additional b-jets in the event, on whi
h to apply the b-jet veto (right). For the signalevents mH = 120 GeV.from W+light jet and, in general, ba
kgrounds with two light jets in the �nal state, whilethe remaining 
ut on the lowest of the two b-weights 
an also help against the tt̄ ba
kground,where one of the two subjets from the Higgs 
andidate is typi
ally a real b-jet, but the otherone is either a c- or a light-jet.
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Figure 7.9: Distribution for the highest (left) and the lowest (right) of the b-weights of the two Higgs boson
andidate subjets. The right distribution is shown after having applied the tight sele
tion 
ut (at 1.5) on thedistribution on the left. For the signal events mH = 120 GeV.Fig. 7.10 shows how the mass distribution evolves in the four main stages of the analysissele
tion. It is interesting to note how the jet veto signi�
antly redu
es the tt̄ ba
kground,while the b-tagging requirement is really a 
ru
ial ingredient in this analysis to redu
e theba
kgrounds to a manageable level.The �nal mass distribution of the Higgs boson 
andidates is shown in Fig. 7.11, after apply-ing either the loose or the tight analysis sele
tion. In the latter 
ase, both Higgs and Z bosonspeaks are visible on top of the tt̄, Wt and W+jet ba
kgrounds. Sin
e the statisti
s for thereferen
e Herwig sample used for the W+jet ba
kground 
omponent is rather low, the samedistributions are also shown adopting the A
erMC sample for the dominant Wbb̄ 
omponent,in order to 
ross-
he
k the mass distribution. A detailed analysis of the di�eren
es in terms
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Figure 7.10: Distribution of the invariant mass of the Higgs boson 
andidate after di�erent stages of the tightanalysis sele
tion: after the kinemati
 sele
tion 
uts on the W and Z bosons (top left), after the additional jetvetoes (top right), after b-tagging is applied on one subjet (bottom left) and after b-tagging is �nally applied onboth subjets from the Higgs 
andidate (bottom right). The ba
kgrounds are sta
ked on top of ea
h other, the
WH signal (for mH = 120 GeV) is shown separately in foreground. The Wt and tt̄ ba
kgrounds are labelledas top ba
kground. All distributions are shown in logarithmi
 s
ale, ex
ept for the last one, and normalisedto an integrated luminosity of 30 fb−1, based on LO 
ross se
tions.of analysis sele
tion between the Wbb̄ ba
kground simulated with the Herwig (PS approa
h)and with the A
erMC (ME approa
h) samples is illustrated in the appendix (Se
tion C.2).The resulting analysis signi�
an
e, 
onsidering a mass range of 112-136 GeV, in terms of
S√
B
is 3.0 ± 0.3, where the quoted un
ertainty 
omes from the limited available Monte Carlostatisti
s, and the signal-to-ba
kground ratio is S

B ≃ 2
3 .The impa
t of trigger e�
ien
y and of systemati
 un
ertainties are not in
luded in this �rstestimate of the dis
overy signi�
an
e of this 
hannel. The �rst will be estimated in the nextse
tion, the se
ond in the next 
hapter.7.6 Trigger sele
tionThe WH analysis relies on the identi�
ation of a muon or an ele
tron with pT > 30GeV.These leptons are of su�
iently high transverse momenta that most of the events should passthe online trigger sele
tion for instantaneous luminosities up to 2×1033 
m−2 s−1. In fa
t upto this level of instantaneous luminosity the following single-lepton trigger items are expe
tedto stay unpres
aled a

ording to Ref. [44℄:
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Figure 7.11: Distribution of the invariant mass of the Higgs boson 
andidate after all sele
tion 
uts for theloose (left) and tight (right) sele
tion have been applied, using the referen
e Herwig sample for the W + jetba
kground (top) or, in alternative, using the higher statisti
s A
erMC sample for the Wbb̄ ba
kground
omponent (bottom). In the se
ond 
ase the minor 
ontribution from the W+light jet ba
kground is not
onsidered in the plot. The WH signal (for mH = 120 GeV) is shown on top of the ba
kgrounds. The Wt and
tt̄ ba
kgrounds are labelled as top ba
kground. All distributions are normalised to an integrated luminosityof 30 fb−1, based on LO 
ross se
tions.

• e25i

• mu20i

• e105

• mu40The �rst two items refer to ele
trons and muons with a trigger threshold of 25 and 20 GeV,respe
tively; in both 
ases, in order for these triggers to stay unpres
aled, a lepton isolation
riterion is applied. In addition, trigger items with higher thresholds for both ele
trons andmuons are 
onsidered; they are needed, sin
e the isolation 
riteria of the trigger items withlower thresholds tend to be too stri
t for leptons with transverse momenta su�
iently farfrom the low-pT thresholds.Fig. 7.12 shows the e�
ien
y for ele
trons that satisfy the o�ine medium ele
tron identi�
a-tion requirement. For ele
trons with true pT above 25GeV, the e25 trigger, without isolationrequirement, has an in
lusive e�
ien
y of (98.6 ± 0.2)%. As expe
ted, the isolation require-ment in e25i tends to remove ele
trons at transverse momenta higher than 150GeV, so that
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lusive e�
ien
y gets redu
ed to (94.4 ± 0.4)%. This loss 
an be addressed by addingele
trons sele
ted by the e105 trigger, whi
h provides an in
lusive e�
ien
y of (92.7 ± 0.6)%for ele
trons with true pT above 105GeV and rea
hes ≈ 100% e�
ien
y for ele
trons withtrue pT above 200GeV.
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Figure 7.12: Single ele
tron trigger e�
ien
y for o�ine re
onstru
ted ele
trons passing the medium ele
tronidenti�
ation requirement, as a fun
tion of pT (left) and pseudo-rapidity (right). For the pseudo-rapidity distri-bution a 
ut on the transverse momentum of the Monte Carlo truth mat
hed ele
tron was done, 
orrespondingto the threshold of the trigger item 
onsidered (at 25 and 105GeV).The e�
ien
y of di�erent muon triggers is shown in Fig. 7.13 as a fun
tion of pseudo-rapidityand transverse momentum, measured for o�ine-re
onstru
ted muons, su

essfully 
ombinedwith inner dete
tor tra
ks. For muons with true pT above 20GeV, the overall e�
ien
y of the
mu20 trigger is (81.0±0.6)%, whi
h is not high, but is expe
ted, due to the limited geometri
a

eptan
e of the Level 1 (L1) muon trigger. Further losses due to the additional isolationrequirement bring the e�
ien
y down to (52.8 ± 0.8)% for the mu20i trigger6. This loss 
analso be re
overed from quite e�e
tively by using the mu40 trigger in addition, whi
h itselfprovides an e�
ien
y of (77.6 ± 0.7)% for muons with true pT higher than 40GeV.The impa
t of the trigger requirements on the WH analysis 
an be investigated by analysingthe impa
t of the trigger requirement on the full loose o�ine sele
tion of the analysis. Thee�e
ts of three possible trigger strategies are shown for the WH signal in Table 7.4.The lepton trigger 
ombination referred to in the Table is an or 
ombination of the mu20i,
mu40, e25i and e105 trigger items. The e�
ien
y for the same 
ombination, but with theisolation requirements removed, is also shown in order to give an idea on the impa
t of theisolation on the trigger e�
ien
y: while repla
ing e25i with e25 does not make mu
h of adi�eren
e in the overall e�
ien
y, removing the muon isolation brings a small improvementof about 1%. Therefore one 
an 
on
lude from here that the overall e�
ien
y expe
ted fromthe lepton triggers is around 90%.On the other hand, the remaining 10% is unlikely to be re
overed with any 
ombination oflepton triggers, sin
e it is 
aused by the limited a

eptan
e of the L1 trigger muon 
hambers6This loss in e�
ien
y is most probably due to an in
onsisten
y in the dete
tor geometry used in the triggersimulation and is therefore not expe
ted on real data: the real loss in e�
ien
y expe
ted due only to theisolation requirement on mu20-sele
ted events is around 5%. Sin
e this loss is only marginally a�e
tingthe �nal trigger sele
tion e�
ien
y of the analysis, this problem 
an be safely ignored.
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Figure 7.13: Trigger e�
ien
ies for single-muon trigger items, measured for o�ine 
ombined muons, asa fun
tion of pT (left) and pseudo-rapidity (right). For the pseudo-rapidity plot, a 
ut on the transversemomentum of the Monte Carlo truth-mat
hed ele
tron was done, 
orresponding to the nominal thresholdused in the trigger item (at 20 and 40GeV).No trigger Lepton triggers Lepton triggers Lepton + MET·jetw/o isolation triggersAfter �lter 
uts 849.2 ± 7.6 849.2 ± 7.6 849.2 ± 7.6 849.2 ± 7.61 Higgs 
andidate 551.6 ± 3.6 232.5 ± 3.4 287.4 ± 3.6 313.5 ± 3.7�ltered pT > 200GeV 497.7 ± 3.7 210.1 ± 3.3 260.1 ± 3.5 285.0 ± 3.6
Emiss

T > 30GeV 355.5 ± 3.7 183.2 ± 3.1 212.4 ± 3.3 254.3 ± 3.5
pT(W)> 200GeV 167.8 ± 3.0 130.2 ± 2.7 134.8 ± 2.8 166.0 ± 3.0
pT(e/µ)> 30GeV 140.6 ± 2.8 123.9 ± 2.7 125.9 ± 2.7 139.7 ± 2.8

pT(additional µ)< 10GeV 139.8 ± 2.8 123.2 ± 2.7 125.1 ± 2.7 138.8 ± 2.8
pT(additional e)< 10GeV 137.5 ± 2.8 121.1 ± 2.7 123.1 ± 2.7 136.5 ± 2.8

∆φ(W,H)> 2
3
π 136.6 ± 2.8 120.5 ± 2.6 122.4 ± 2.7 135.6 ± 2.8no additional b-jets pT > 15GeV 123.8 ± 2.7 109.4 ± 2.5 111.3 ± 2.6 122.9 ± 2.7add. jets on W side pT < 60GeV 109.7 ± 2.5 97.2 ± 2.4 98.7 ± 2.4 109.0 ± 2.5add. jets on H side pT < 60GeV 98.9 ± 2.4 87.5 ± 2.3 89.0 ± 2.3 98.3 ± 2.4one subjet b-tagged 88.8 ± 2.3 78.8 ± 2.2 80.0 ± 2.2 88.2 ± 2.3both subjets b-tagged 44.6 ± 1.7 39.8 ± 1.6 40.4 ± 1.6 44.2 ± 1.7loose �t 
uts 44.4 ± 1.7 39.7 ± 1.6 40.3 ± 1.6 44.1 ± 1.7

112 < mH < 136GeV 29.5 ± 1.4 26.1 ± 1.3 26.5 ± 1.3 29.2 ± 1.4trigger e�
ien
y - (88.1 ± 0.6)% (89.5 ± 0.6)% (99.4 ± 0.2)%Table 7.4: Expe
ted number of events through the various analysis sele
tion 
riteria for the WH signal,
ompared for di�erent trigger sele
tion strategies. The numbers are proje
ted to 30 fb−1 of 
olle
ted data.(ex
lusively TGCs and RPCs, as des
ribed in Se
tion 3.2.3). Therefore, trigger items from thejetTauEtmiss trigger sli
e7 are investigated. These items are mainly based on the transversemissing energy signature. While most jet triggers are expe
ted to be heavily pres
aled up tovery high momenta, a jet and Emiss
T 
ombination trigger with relatively low thresholds, XE70·

J62, is expe
ted to be among those that will remain unpres
aled at 2×1033 
m−2 s−1 [44℄.This signature is interesting not only when a genuine Emiss
T signature is present, but also7A sli
e is a group of trigger items based on similar signatures.
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eptan
e, 
reating fake missing momentum. It is not yet
lear whether re
overing high-pT muons this way is a
tually foreseen by the ATLAS HighLevel Trigger strategy, but, as 
an be seen in Fig. 7.14, it indeed appears to be quite e�e
tive.After 
ombining the lepton triggers (mu20i+mu40+e25i+e105) with the (Emiss
T ·jet)-triggeran overall trigger e�
ien
y of (99.4 ± 0.2)% is obtained for the o�ine sele
ted events in theanalysis, as reported also in the last 
olumn of Table 7.4.
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Figure 7.14: E�
ien
y of the (Emiss
T ·jet)-trigger as a fun
tion of the true pT of the lepton from the W boson,for all events whi
h failed to pass the lepton triggers, at the analysis stage immediately after generator �lter
uts.In 
on
lusion, due to the presen
e of high-pT leptons and high Emiss

T , no signi�
ant loss inthe dis
overy sensitivity is expe
ted due to the trigger sele
tion. However, a loss in signale�
ien
y of ≈ 0.6% will be 
onsidered for 
ompleteness in the log-likelihood �t based studydis
ussed in Chapter 8.7.7 Optimisation of b-tagging performan
eThe b-tagging performan
e has been analysed by 
onsidering the two highest pT subjets fromall Higgs boson 
andidates present in the three following event samples: WH(mH = 120 GeV),
tt̄ and W+jet. All sele
tion 
uts have been applied, apart from the additional jet veto and the
b-tagging 
uts, and the mass window 
ut has been loosened to [100-140] GeV, to in
rease theavailable statisti
s, still remaining in the kinemati
 region relevant for the present analysis.The reje
tion a
hievable against light- and c-quark jets is shown in Fig. 7.15 as a fun
tionof the b-tagging e�
ien
y on the b-subjet. The performan
e of three di�erent b-taggingdis
riminators is analysed:

• log(LR) (Eq. 6.37) based on the IP3D+SV1 algorithm (also de�ned as COMB)
• P (b)/ [P (b) + P (l)] (using the neural network) based on IP3D+JetFitter, intended toprovide optimal dis
rimination against light-quark jets
• P (b)/ [P (b) + P (c)] (using the neural network) based on IP3D+JetFitter, intended toprovide optimal dis
rimination against c-quark jets
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Figure 7.15: Reje
tion against light-quark jets (left) and against 
harm-quark jets (right) as a fun
tion ofthe b-tagging e�
ien
y on the single subjet.Looking at the performan
e of both SV1 and JetFitter based algorithms, it turns out thatboth perform very well, with JetFitter performing better in reje
ting light-quark jets, inparti
ular at b-tagging e�
ien
ies below 80%.In Table 7.5 the reje
tion against light-quark jets for few �xed b-tagging e�
ien
y points islisted expli
itly. The region of b-tagging e�
ien
ies whi
h is relevant for the present analysisis between 60% and 75% (whi
h would yield a signal e�
ien
y on the Higgs boson 
andidate,under the hypothesis of un
orrelated b-weights, between 36 and 56%).
b-tagging e�
ien
y IP3D+SV1 IP3D+JetFitter IP3D+JetFitter(against light) (against 
harm)40 % 1162 ± 143 1450 ± 75 906 ± 3750 % 510 ± 16 691 ± 25 441 ± 1360 % 203 ± 4 287 ± 7 160 ± 370 % 69 ± 1 98 ± 1 60.6 ± 180 % 20.6 ± 0.1 26.1 ± 0.2 21.1 ± 0.1Table 7.5: Reje
tion against light-quark jets at di�erent subjet b-tagging e�
ien
ies. The various b-taggingalgorithms used are des
ribed in the text.At 70% b-tagging e�
ien
y (
orresponding to ≈ 50% signal e�
ien
y), a reje
tion of lightquark jets around 100 is expe
ted to be a
hievable using JetFitter, 
orresponding to 1% light-jet misidenti�
ation e�
ien
y. This is exa
tly the value 
onsidered in a �rst draft of thehadron level study of Ref. [1℄ in the most optimisti
 s
enario.Su
h an e�
ient reje
tion of the ba
kground is however only valid in the hypothesis thatthe ba
kground is dominated by light-jets, so that 
harm-jets do not play an important role.However in theWH analysis, apart from the large irredu
ible Wbb̄ 
omponent, the ba
kgroundis dominated by 
ombinations of a light- and a 
harm-jet faking the two subjets representingthe de
ay produ
ts of the Higgs boson, so the 
harm-jets are indeed expe
ted to signi�
antlyde
rease the non b-jet reje
tion.The c-jet reje
tion values for some �xed e�
ien
y points are also listed in Table 7.6. By us-
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b-tagging e�
ien
y IP3D+SV1 IP3D+JetFitter IP3D+JetFitter(against light) (against 
harm)40 % 28 ± 1 31 ± 1 51 ± 150 % 15.0 ± 0.2 14.1 ± 0.2 25.6 ± 0.560 % 8.6 ± 0.1 8.4 ± 0.1 12.2 ± 0.270 % 5.15 ± 0.04 5.52 ± 0.04 6.47 ± 0.0680 % 3.18 ± 0.02 3.30 ± 0.02 3.48 ± 0.02Table 7.6: Reje
tion against c-quark jets at di�erent subjet b-tagging e�
ien
ies. The various b-taggingalgorithms used are des
ribed in the text.ing the dis
riminator expli
itly optimised to reje
t c-jets, it is possible to signi�
antly in
reasethe c-jet reje
tion, at the 
ost of de
reasing the light jet reje
tion.The optimal 
ombined reje
tion against light and c-jets 
an be obtained by using Eq. 7.3:

discr =
P (b)

P (b) + clP (l) + (1 − cl)P (c)
,where the optimal 
hoi
e for the 
oe�
ient cl depends on the �avour 
ontent of the ba
kgroundin term of fra
tion of c- and light-jets.
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Figure 7.16: Reje
tion of c-jets (bla
k) and light-jets (red) as a fun
tion of the 
oe�
ient cl for b-subjete�
ien
ies of 40 (left) and 50 (right) %.The performan
e in terms of light- and c-jet reje
tion a
hievable at �xed b-tagging e�-
ien
ies of 40, 50, 60 and 70% as a fun
tion of the 
oe�
ient cl is shown in Figs. 7.16 and7.17. At all e�
ien
ies shown ex
ept for 40%, it seems that the light-jet reje
tion saturatesat a value of cl around 50% (0.5). This is mainly due to the fa
t that the 
alibration of thealgorithm was performed on generi
 Monte Carlo samples and on �
onventional� jets in thepresen
e of quite a di�erent event and jet topology. As a result, the cl no longer has a 
learstatisti
al interpretation and has to be 
onsidered as an e�e
tive parameter: at ea
h possible
b-tagging e�
ien
y, given a 
ertain ba
kground 
omposition, there is one only value for clwhi
h minimises the amount of ba
kground.As was shown in Table 7.3, where the tighter sele
tion 
uts were applied, the most importantba
kgrounds are tt̄ and W+jet. In order to understand the impa
t of b-tagging on the analysis,
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Figure 7.17: Reje
tion of c-jets (bla
k) and light-jets (red) as a fun
tion of the 
oe�
ient cl for b-subjete�
ien
ies of 60 (left) and 70 (right) %.it is worth analysing the �avour 
omposition of the Higgs boson 
andidates sele
ted in thesetwo main ba
kgrounds, and the breakdown of the di�erent subjets �avour 
ombinations as afun
tion of the signal e�
ien
y 
orresponding to a 
ertain b-tagging 
ut on the two subjets.This is shown in Fig. 7.18 for tt̄ and in Fig. 7.19 for W+jet. All remaining sele
tion 
uts, in thetight version, in
luding the �nal mass window 
ut, are already applied, ex
ept for b-tagging.As a referen
e, the number of signal events is also shown in the plots. In the tt̄ ba
kgroundthe dominant 
ontribution is given by subjet 
ombinations with b− l and b− c subjets fakinga Higgs boson 
andidate.In general, in order to pass the signal sele
tion, the two top quarks need to be highlyboosted. One of the top quarks produ
es in a very asymmetri
 way a highly boosted Wboson, whi
h is required in the signal sele
tion, together with a low pT b-jet, whi
h passesthrough the b- and light jet vetoes. The opposite high pT top quark produ
es a b-jet and a
W boson whi
h de
ays hadroni
ally: out of these three jets, the 
ombinations are sele
tedwhere one jet is lost or has low pT and the other two fake the Higgs subjets. However the
ombinations with both subjets originating from the W boson are highly suppressed, sin
etheir invariant mass peaks at the W boson mass, so the main remaining 
ontribution 
omesfrom the b-jet 
ombined with one of the two jets from the W boson (b− l or b− c). The 
aseswhere a b − b pair is sele
ted as Higgs boson 
andidate in tt̄ is rare, sin
e in this 
ase one
b-quark needs to 
ome from one top and the other b from the other top; so the top quarksneed to have a lower pT, whi
h makes the simultaneous produ
tion of a highly boosted Wboson very di�
ult.While b-tagging 
an easily redu
e the number of b− l subjet 
ombinations to an a

eptablelevel, it is mu
h harder to redu
e the b− c 
omponent. It 
an be however seen (in the bottomplot of Fig. 7.18) that the expli
it reje
tion of 
harm-jets by JetFitter 
an help in reje
ting
b − c subjet 
ombinations, at the 
ost of letting more b − l 
ombinations go through.In W+jet events the dominant 
ontribution is given by the l−l and l−c subjet 
ombinations,as expe
ted from pure QCD produ
tion. The most dangerous 
ontribution 
omes howeverfrom bb̄ pairs (e.g. from gluon splitting), whi
h 
annot be redu
ed by applying b-tagging, andup to a 
ertain point also from the l − c subjet 
ombinations.In order to determine the optimal b-tagging strategy for the present analysis, the signi�-
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Figure 7.18: Number of events left as a fun
tion of the signal e�
ien
y 
orresponding to applying a 
er-tain b-tagging 
ut for various subjets �avour 
ombinations present in the tt̄ ba
kground. Di�erent b-taggingalgorithms are used: JetFitter (top left), COMB (top right), JetFitter reje
ting 
harm-jets (bottom).
an
e, de�ned as S√
B
has been analysed as a fun
tion of the signal e�
ien
y given for a 
ertain

b-tagging requirement. This is shown in Fig. 7.20, whi
h 
orresponds to applying the tightsele
tion 
ut �ow. For 
omparison, also the result in
luding the higher statisti
s Wbb̄ sampleis shown.In
luding a veto on the presen
e of an eventual third b-subjet only marginally improvesthe statisti
al signi�
an
e, therefore it was not in
luded in the �nal analysis. The results fortwo di�erent b-tagging strategies are shown: IP3D+SV1 (COMB) and IP3D+JetFitter witha value for cl of 0.2.The IP3D+SV1 (COMB) b-tagging algorithm provides a maximum signi�
an
e of around
2.6 ± 0.2 at ≈ 45% signal e�
ien
y, while JetFitter with cl = 0.2 doesn't provide a 
learmaximum, but is relatively �at between ≈ 35 − 45% signal e�
ien
y, with a signi�
an
e of
3.0−3.1±0.3. In addition, with IP3D+JetFitter a signi�
antly better signal-over-ba
kgroundratio 
an be obtained, in parti
ular at lower signal e�
ien
ies.The IP3D+JetFitter algorithm and a working point at 40% signal e�
ien
y8 has been8the quoted e�
ien
y 
orresponds to around 35% bb̄-tagging e�
ien
y before mass window 
ut
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Figure 7.19: Number of events left as a fun
tion of the signal e�
ien
y 
orresponding to applying a 
ertain
b-tagging 
ut for all various subjets �avour 
ombinations present in the W+jet ba
kground. Di�erent b-taggingalgorithms are used: JetFitter (top left), COMB (top right), JetFitter reje
ting 
harm-jets (bottom).
hosen for the nominal analysis sele
tion in the tight version des
ribed in Se
tion 7.5.For the b-jet veto, a b-tagging 
ut based on the same dis
riminator, but with cl = 1, is used,
orresponding to a b-jet vetoing e�
ien
y of ≈ 75% and a light-jet e�
ien
y of ≈ 2%.7.8 Jet 
lustering: properties and optimisation7.8.1 Comparison to traditional jet te
hniquesThe present study is based on the re
onstru
tion of the Higgs boson de
aying into a pair of b-jets, by means of the jet 
lustering pro
edure des
ribed in Se
tion 7.4. In this se
tion this newjet �nding method is 
ompared to a more 
onventional te
hnique based on dijets identi�edwith the k⊥ algorithm (with e�e
tive size R = 0.4). In order to make the 
omparison easier,the analysis sele
tion pro
edure needs to be slightly modi�ed, with the following di�eren
eswith respe
t to the default sele
tion:

• The Higgs boson mass is based on the invariant mass of two jets with the highest b-weight, instead of the invariant mass of the highest two or (if present) three subjets of
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Figure 7.20: Statisti
al signi�
an
e (left) and signal-over-ba
kground ratio (right) as a fun
tion of the signale�
ien
y 
orresponding to a 
ertain b-tagging 
ut, for the referen
e Monte Carlo samples (top) and for thesamples 
ontaining the higher statisti
s Wbb̄ ba
kground 
omponent generated with A
erMC (bottom).
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lustering: properties and optimisation 197the Higgs boson 
andidate
• A shift is applied to the value of the dijet invariant mass (+6 GeV), to a

ount for asmall di�eren
e in the absolute jet energy s
ale 
alibration.No 
hange is applied to the remaining sele
tion 
uts.Applying the new sele
tion, a very large ba
kground 
ontribution is seen, yielding a signif-i
an
e S√

B
of around 1.5, whi
h 
an be explained by the fa
t that on 
onventional jets thereis no limit on the ∆R of the dijet pair, while, sin
e the subjet 
lustering method starts fromC/A jets with ∆R = 1.2, the two subjets aperture is limited to this value of ∆R. Most ofthe W+jet and tt̄ ba
kground populate the ∆R distribution up to very large values, a regionwhere only a small amount of signal events 
an be found.Therefore a further set of 
uts is applied on top of the pair of k⊥ jets representing the Higgsboson 
andidate, trying to emulate the e�e
tive sele
tion indu
ed by the subjet stru
turebased jet �nding:

• Di-jet symmetry (min(pT (j1),pT (j2))∆R(j1,j2)
mass(j1j2)

)2
> 0.1

• Mass drop max(mass(j1),mass(j2))
mass(j1j2)

< 1√
3

• ∆R(j1, j2) < 1.2.The result is shown in Table 7.7, for the signal and the main ba
kgrounds. Sin
e, for purelyte
hni
al reasons, no spe
i�
 
harm-reje
tion was implemented for the k⊥ jets, the k⊥ jetsbased sele
tion needs to be 
ompared with a slightly modi�ed version of the subjets basedanalysis of Table 7.3, presented in Table 7.8, where the b-tagging requirement does not makeuse of any spe
i�
 
harm-reje
tion.The signal e�
ien
y is 21% lower than in the mainstream analysis and at the same timethe top ba
kground (tt̄ and Wt) is in
reased by ≈ 20%. The b-tagging e�
ien
y, even whenapplying the same 
ut value on the b-weight as in the standard analysis, turns out to be higher.However, tightening this 
ut does not signi�
antly improve the overall analysis signi�
an
e,whi
h, 
onsidering also the remaining (minor) ba
kgrounds, is ≈ 2.1, against ≈ 2.7 of thesubjets based analysis without expli
it use of a dedi
ated 
harm-jet reje
tion.In more detail, Fig. 7.21 shows the invariant mass distribution of the dijet pair representingthe Higgs boson 
andidate, 
ompared to the Higgs boson invariant mass distribution in thesubjets based analysis (without dedi
ated 
harm-jet reje
tion).Fig. 7.22 shows the same 
omparison for the distan
e in pseudo-rapidity between the twojets. The kT jets require a minimum distan
e between the jets of ∆R = 0.4: this doesn'tredu
e the signal 
ontribution signi�
antly, but avoids the W+jet 
ontribution to populate theregion with low Higgs boson invariant mass, whi
h is very useful in providing a mass sidebandto normalise this ba
kground 
omponent on data and will be exploited in the likelihood �tbased analysis.The subjet 
lustering method is able, for a �xed signal e�
ien
y, to reje
t the ba
kgroundmore e�
iently, in parti
ular when it a
ts on the tt̄ ba
kground. A more detailed investigationand a possible explanation for this e�e
t is presented in Se
tion C.3.1.In addition, in Se
tion C.3.2, the impa
t of b-tagging on Higgs 
andidates with two very
lose b-quarks in ∆R(b, b̄), as potentially re
onstru
ted by the subjet 
lustering algorithm, isanalysed.



198 7 The WH → ℓνbb̄ analysis at high transverse momentaWH(120) WZ tt̄(pmin
T ) Wt W+jetAfter �lter 
uts 858.4 ± 6.4 3935 ± 26 1229506 93155 5823641 Higgs 
andidate 848.80 ± 0.68 3832.4 ± 4.1 1221084 92386 ± 15 555598�ltered pT > 200 GeV 320.9 ± 3.1 1225 ± 12 132699 16053 160325Missing ET > 30 GeV 243.8 ± 2.9 884 ± 11 106361 12789 124545

pT (W) > 200 GeV 148.1 ± 2.4 586.0 ± 9.2 36891 6957 ± 44 89777
pT (e/µ)>30 GeV 126.5 ± 2.3 479.7 ± 8.4 30139 5935 ± 41 77987

pT (additional µ)<10 GeV 124.8 ± 2.3 454.5 ± 8.2 27647 5554 ± 40 77740
pT (additional e)<10 GeV 123.2 ± 2.3 429.2 ± 8.0 24975 5057 ± 38 76643

∆φ(W,H)> 2
3
π 123.0 ± 2.3 416.4 ± 7.9 22798 4814 ± 37 75571no additional b-jets pT >15 GeV 121.5 ± 2.2 414.4 ± 7.9 21638 4717 ± 37 75539jets on W side pT <60 GeV 83.6 ± 1.9 298.4 ± 6.8 7235 2478 ± 27 55571
utOnDeltaR2Jets 55.4 ± 1.6 145.7 ± 4.9 1342 ± 29 742 ± 15 12534jets on H side pT <60 GeV 39.9 ± 1.4 122.4 ± 4.5 487 ± 17 364 ± 10 10947one subjet b-tagged 34.7 ± 1.3 30.7 ± 2.3 317 ± 14 196.3 ± 7.7 549 ± 22both subjets b-tagged 17.06 ± 0.90 11.1 ± 1.4 54.6 ± 5.9 24.0 ± 2.7 46.0 ± 6.5loose �t 
uts 17.01 ± 0.90 11.1 ± 1.4 53.9 ± 5.8 22.5 ± 2.6 43.2 ± 6.3112 GeV < mass(H) < 136 GeV 11.27 ± 0.73 1.01 ± 0.41 14.4 ± 3.0 3.6 ± 1.1 8.3 ± 2.8Table 7.7: The table shows the expe
ted events going through the sele
tion at ea
h stage for the signaland the main ba
kgrounds, when using 
onventional kT jets instead of the subjet 
lustering pro
edure. Thenumbers are proje
ted to 30 fb−1 of 
olle
ted data.WH(120) WZ tt̄(pmin

T ) Wt W+jetadd. jets on W side pT <20 GeV 83.2 ± 1.9 461.3 ± 8.3 7227 3343 ± 31 86087add, jets on H side pT <20 GeV 55.8 ± 1.6 275.6 ± 6.6 1895 ± 34 1142 ± 18 48229one subjet b-tagged 46.7 ± 1.5 53.5 ± 3.0 1039 ± 26 529 ± 13 2247 ± 45both subjets b-tagged 20.82 ± 0.99 17.4 ± 1.7 53.9 ± 5.8 25.8 ± 2.8 104.8 ± 9.8loose �t 
uts 20.77 ± 0.99 17.0 ± 1.7 52.7 ± 5.7 24.3 ± 2.7 103.0 ± 9.7112 GeV < mass(H) < 136 GeV 14.26 ± 0.82 1.01 ± 0.41 8.2 ± 2.3 6.7 ± 1.4 9.2 ± 2.9Table 7.8: Number of events 
orresponding to the last sele
tion steps of the subjet based analysis, but withoutusing any spe
i�
 
harm-jet reje
tion. The numbers are proje
ted to 30 fb−1 of 
olle
ted data, a

ording toLO 
ross se
tions.
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Figure 7.21: Invariant mass of the Higgs boson 
andidate for the 
onventional di-jet analysis (left) 
omparedto the Higgs boson invariant mass obtained from the subjets based analysis (right), after the full tight sele
tionis applied. The numbers are proje
ted to an integrated luminosity of 30 fb−1.
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Figure 7.22: ∆R(j1, j2) between the two jets representing the Higgs boson 
andidate (left) 
ompared tothe same quantity referring to the distan
e in pseudo-rapidity between the two highest pT subjets in thesubjets based analysis (right), after full tight sele
tion is applied. The numbers are proje
ted to an integratedluminosity of 30 fb−1.7.8.2 Optimisation of subjet 
lustering algorithmTo re
ap, the parameters used for the subjet 
lustering algorithm in the present study are
∆Rij = 1.2, ycut = 0.1, mass drop = 1√

3
, pT > 200 GeV and �ltering ∆R = 0.3.A value of ∆Rij = 1.2 is nearly optimal, be
ause it 
ontains most of the two body de
aysof a Higgs boson with a pT > 200 GeV. Values of ∆Rij = 1.4 and ∆Rij = 1.0 were alsotested, but found to yield a worse performan
e. The mass drop value and the �ltering ∆Rwere not optimised in the present analysis, while di�erent values were 
onsidered for ycut,whi
h provides an e�
ient way of removing very asymmetri
 subjets 
on�gurations (typi
al forexample for QCD soft gluon emissions). This provides a way to redu
e the W+jet ba
kground,but is not parti
ularly well suited for reje
ting the tt̄ ba
kground, where the jets are emittedby the de
ay of a heavy top quark.In Table 7.9 the signal and main ba
kground 
omponents are listed for di�erent 
hoi
es ofthe parameter ycut (0.075, 0.1 and 0.15), proje
ted to an integrated luminosity of 30 fb−1.Sin
e the statisti
s is very low, the expe
ted numbers of events without the �nal mass window
ut are also listed. There is no dramati
 
hange when varying the ycut parameter in the 
hosenrange, however the best signi�
an
e is obtained for ycut ≈ 0.1. For this study a slightly tighter

b-tagging requirement on the two leading subjets was applied with respe
t to the mainstreamanalysis. Parameter ycut WH(120) WZ tt̄(pmin
T ) Wt Wbb̄

ycut = 0.075 10.79 ± 0.72 1.01 ± 0.41 2.5 ± 1.3 2.12 ± 0.80 8.0 ± 1.2
ycut = 0.1 10.79 ± 0.72 1.01 ± 0.41 2.5 ± 1.3 2.12 ± 0.80 7.9 ± 1.1
ycut = 0.15 9.44 ± 0.67 1.01 ± 0.41 1.9 ± 1.1 2.12 ± 0.80 7.5 ± 1.1Parameter ycut WH(120) WZ tt̄(pmin

T ) Wt Wbb̄

ycut = 0.075 15.66 ± 0.86 12.7 ± 1.5 22.6 ± 3.8 8.5 ± 1.6 71.8 ± 3.4
ycut = 0.1 15.42 ± 0.85 12.5 ± 1.4 21.3 ± 3.7 8.8 ± 1.6 69.6 ± 3.4
ycut = 0.15 12.96 ± 0.78 12.3 ± 1.4 18.8 ± 3.4 8.2 ± 1.6 59.1 ± 3.1Table 7.9: The table shows the expe
ted number of events going through the full tight sele
tion (top) andthrough the same sele
tion ex
ept for the mass windows 
ut (bottom), for the signal and the main ba
kgroundsand for di�erent 
hoi
es of the parameter ycut. The numbers are proje
ted to 30 fb−1 of 
olle
ted data.Fig. 7.23 shows a 
omparison between the invariant mass distributions of the same three
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t of in
reasing the ycut parameter on the WH signal is ade
rease in e�
ien
y and slight improvement in the mass resolution. This explains also whythe expe
ted number of events for the signal s
ales a bit di�erently when varying the ycutparameter before and after the mass window 
ut.
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Figure 7.23: Invariant mass distribution of the Higgs boson 
andidate for various values of the ycut 
lusteringparameter, immediately after the additional lepton veto (left) and after the full sele
tion (right). The numbersare proje
ted to an integrated luminosity of 30 fb−1.
7.9 Optimisation of jet energy s
ale and mass resolutionThe �ltered four momentum of the Higgs boson 
andidate, obtained as des
ribed in Se
-tion 7.4, 
an be further re�ned. In fa
t, only the 
ell-by-
ell part of the H1-style 
alibrationfor 
onventional 
one jets with size R = 0.4 was applied, without the �nal pT and η dependentenergy s
ale 
orre
tion. In prin
iple the same kind of additional 
orre
tion 
ould be derivedfor the Cambridge/Aa
hen algorithm and for the spe
ial jet 
lustering method used in thepresent analysis. In this se
tion some methods are investigated to improve the mass resolutionof the Higgs boson 
andidate and to 
orre
t the jet energy s
ale.The �rst 
orre
tion is spe
i�
 for b-jets and 
omes from the fa
t that the b-quarks produ
e b-hadrons whi
h de
ay semi-leptoni
ally into a muon or ele
tron plus neutrino with a bran
hingratio of around 20%. While 
orre
ting for the missing neutrino is more di�
ult and 
anbe done on a statisti
al basis only, the muon, when present, 
an be a

ounted for by justadding it to the subjet four momentum9. Fig. 7.24 (top) shows the Higgs boson 
andidatemass distribution (after having applied the basi
 H1-style 
ell based 
alibration and after allanalysis sele
tion 
uts), while in Fig. 7.24 (bottom) the Higgs boson 
andidate is 
orre
tedfor the muon energy. In this way the low mass left tail is redu
ed and an improvement in theRMS of around ≈ 0.6 
an be obtained. For 
omputing mean values and RMS, only the massresiduals in a (−30, 30)% window around the nominal mass value are 
onsidered, to redu
ethe impa
t of outliers.A further small improvement 
ould be obtained by 
orre
ting the jet energy s
ale for themissing energy of the neutrinos from the semileptoni
 b-de
ays, but this is not studied here.9The energy deposition of a muon in the 
alorimeter is expe
ted to be small, in average around 2 GeV.
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Figure 7.24: (Top) Higgs boson 
andidate mass distribution as delivered by jet 
lustering, after havingapplied the H1-style 
ell based 
alibration, for the WH → ℓνbb̄ pro
ess and di�erent masses and for the
WZ → ℓνbb̄ pro
ess. In the 
ase of a 120 GeV Higgs boson mass the mass distribution on a sample produ
edusing the 
omplete full simulation of the ATLAS Dete
tor is also shown for 
omparison. (Bottom) SameHiggs boson 
andidate mass distributions, but a

ounting also for the four momentum of a muon from asemi-leptoni
 b-de
ay, when present.A �nal pT and η dependent jet s
ale 
orre
tion is not straightforward to perform using thestandard 
alibration tools available in ATLAS, be
ause the two subjets in whi
h the Higgsboson 
andidate de
ays (or a similar boosted heavy obje
ts) are strongly 
orrelated: whenthe �rst subjet looses energy, this energy is most probably taken by the se
ond subjet. The
orrelation in energy between the two subjets is illustrated in Fig. 7.25, whi
h displays theaverage residual in pT for a subjet with respe
t to the true pT of the underlying b-quark as afun
tion of the subjet pT, after separating the subjets into two 
ategories on an event basis:given the two subjets of the Higgs boson 
andidate, the one nearest in ∆R to the originatingparton goes into one 
ategory, the remaining one into the other. The former tends to lose partof its energy, the latter a
quires energy from the other jet. This illustrates the di�
ulty ofderiving a 
alibration for the individual subjets; this is a more a
ute instan
e of the fa
t that
alibrating to an initial (
oloured) parton is in prin
iple wrong, sin
e QCD radiation impliesthat any su
h 
orre
tion will be highly model dependent and measurements based on it willnot in fa
t be physi
ally well-de�ned. However, this e�e
t does not strongly feed into theHiggs boson mass resolution, sin
e the hardest gluon radiation from either of the b-quarks isin
luded in the Higgs boson 
andidate (see Se
tion 7.4). And sin
e the Higgs boson itself is a
olour singlet, it undergoes no QCD radiation itself, and a MC-based 
alibration to the Higgsboson mass itself will be less model-dependent than an attempt to 
alibrate to leading-orderquarks or gluons.Following the above arguments, a 
omplete 
alibration strategy for a boosted heavy obje
tre
onstru
ted with this parti
ular jet 
lustering method 
ould be de�ned using high statisti
sMonte Carlo sample with di�erent Higgs boson masses and trying to minimise the deviation of
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Figure 7.25: The �gure shows the di�eren
e in pT of the re
onstru
ted subjet with respe
t to the b-quark
pT (before FSR), as a fun
tion of subjet pT. For ea
h Higgs boson 
andidate the two subjets are subdividedinto two 
ategories, in bla
k the one nearest to the originating b-quark, in red the other.the re
onstru
ted mass from the Monte Carlo truth mass, applying 
orre
tions whi
h dependon the pT and η of either the subjets or of the whole 
andidate system. In order to performthe same 
alibration on data, the de
ay produ
ts of a boosted W bosons for example in tt̄events 
ould be used (the b-s
ale 
orre
tion being obtained elsewhere and applied on top ofit).Only a very basi
 jet s
ale 
alibration will be performed here, where a relative invariantmass s
ale 
orre
tion is applied as a fun
tion of the transverse momentum of the Higgs boson
andidate. The average relative residual of the re
onstru
ted invariant mass of the Higgsboson 
andidate with respe
t to the true Higgs boson mass is shown in Fig. 7.26 as a fun
tionof the Higgs boson 
andidate transverse momentum; to in
rease the available statisti
s all theMonte Carlo samples produ
ed with the ATLFAST-II simulation for Higgs boson masses of115, 120 and 130 GeV are summed up together.The dependen
e of the mass residual on pT 
an be des
ribed by a simple fun
tion of theform:

f(pT) = c0 −
c1

p6
T

,whi
h 
an be then used to 
orre
t for this e�e
t. The �t result is shown in Fig. 7.27, �rst withthe full sele
tion applied (left) and then, to 
ross-
he
k the validity of the fun
tional 
hoi
e,at an earlier analysis stage (just after the additional b-jet veto 
ut), with more statisti
s. It isnot surprising that the b-tagging requirement a�e
ts the invariant mass distribution, sin
e itrequires the two subjets to be real b-subjets and thus removes mu
h of the the 
ombinatorialba
kground present in the signal. The resulting 
oe�
ient and �t quality values are listed inTable 7.10.After applying the pT dependent 
alibration fun
tion to the signal Monte Carlo samples,one obtains the mass distributions shown in Fig. 7.28. The resolution improves slightly, theHiggs mass s
ale tends to be 
orre
ted, but some residual dependen
e on the Higgs boson
andidate invariant mass remains. This indi
ates that a more 
omplex 
alibration pro
edureis needed to a

ount for the non-linearity in the re
onstru
ted mass (at lower mass a biasis visible to smaller values, at higher mass to higher values). Given the limited statisti
s
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Figure 7.26: Residual of the re
onstru
ted Higgs boson mass with respe
t to the true mass value in variousbins of pT (Higgs) (left) and average relative residual of the re
onstru
ted Higgs boson mass as a fun
tion of
pT (Higgs). The loose analysis sele
tion 
uts have been applied.
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Figure 7.27: Fit of the dependen
e of the relative mass residual as a fun
tion of Higgs boson 
andidate pT ,after all sele
tion 
uts are applied (left) and just after having applied the additional b-jets veto (right). A χ2based minimisation pro
edure is used.Parameter value
c0 3.17 ± 0.25

c1 (4.05 ± 0.53) × 1014 MeV
χ2/ndf 11.31/17Prob(χ2) 72%Table 7.10: Result of the �t whi
h �xes the mass s
ale as a fun
tion of Higgs boson 
andidate pT .available for this study, there is no way of setting up a more 
omplex 
alibration pro
edure.



204 7 The WH → ℓνbb̄ analysis at high transverse momentaIn the analysis based on pure event 
ounting presented in Se
tion 7.5 only the muon energy
orre
tion was taken into a

ount, whereas the absolute energy s
ale and pT (Higgs) dependent
alibration is only taken into a

ount in the �t based approa
h presented in Chapter 8.
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Figure 7.28: Mass distribution after appli
ation of simple pT dependent 
alibration. The full simulation isshown just for 
omparison purposes, as well as the Z → bb̄ peak from the WZ sample.7.10 Comparison with fast simulationThe present study relies on the ATLFAST-II fast simulation of the ATLAS dete
tor. As dis-
ussed in Se
tion 7.2, the only di�eren
e between ATLFAST-II and the full dete
tor simulationbased on GEANT4 is in the simulation of the 
alorimeter.A general validation of the ATLFAST-II fast simulation (and more spe
i�
ally of the fastsimulation of the 
alorimeter) is presented in Ref. [97℄. However, the WH analysis makes useof a jet substru
ture based jet 
lustering algorithm, for whi
h no general validation is available,and the �nal state obje
ts are 
hara
terised by very spe
i�
 kinemati
 
on�gurations. It istherefore useful to 
ompare the ATLFAST-II and 
omplete GEANT4 full dete
tor simulationson a set of signal events, in order to 
on�rm that ATLFAST-II provides a realisti
 simulation ofthe dete
tor response in this spe
i�
 s
enario and, in 
ase of small dis
repan
ies, to understandthem and obtain 
orre
tion fa
tors. These 
an be then used in a later step of the analysis,either by applying them on top of the ATLFAST-II simulated events or by 
onsidering themas a sour
e of systemati
 un
ertainty.A 
omparison between the lepton re
onstru
tion e�
ien
y in ATLFAST-II and full simu-lation is presented in Se
tion C.4.1, with the following results:
• The e�
ien
y and energy resolution of muons is well reprodu
ed in ATLFAST-II, asexpe
ted;
• The ele
tron e�
ien
y in ATLFAST-II is overestimated by ≈ 2-4% (for medium ele
-trons by 3.1 ± 1.4%);
• The ele
tron pT is underestimated by ≈ 2%.While no 
orre
tion is therefore ne
essary for the muons, the di�eren
es in the ele
tron e�-
ien
y and energy s
ale is 
orre
ted for in the �t based analysis presented in Chapter 8.In addition, a detailed 
omparison of the signal a

eptan
e between ATLFAST-II and fullsimulation, 
orresponding to the sele
tion 
riteria used for the WH analysis, is presented inSe
tion C.4.2, together with a more detailed 
omparison of some of the most dis
riminatingvariables used in the analysis. The main results of this 
omparison are:
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• The bb̄ mass distribution of the Higgs 
andidate is fairly well reprodu
ed in ATLFAST-II: the resolution is 
omparable, while a small shift is seen due to the slightly di�erentjet energy s
ale 
alibration in ATLFAST-II and full simulation (this is expe
ted to haveno e�e
t on the analysis);
• The hadroni
 re
onstru
tion e�
ien
y of the H → bb̄ system in ATLFAST-II is overes-timated by 5 ± 1%.
• The overall di�eren
e in the signal a

eptan
e between ATLFAST-II and full simulationis 
ompatible with the di�eren
es in the re
onstru
tion e�
ien
y of the bb̄ system andof ele
trons from the W boson de
ay.The di�eren
e in the hadroni
 re
onstru
tion e�
ien
y is again taken into a

ount in the �tbased analysis presented in the next 
hapter, by applying a 
orre
tion fa
tor on the expe
tedsignal re
onstru
tion e�
ien
y.7.11 Combination with the ZH 
hannelsIn Ref. [98℄ the Higgs boson sear
h based on the ℓνbb̄ signature presented in this 
hapter was
ombined with other two sear
h 
hannels, based on the ℓℓbb̄ and ννbb̄ �nal states, whi
h sele
tmainly events produ
ed via the ZH → ℓℓbb̄ and ZH → ννbb̄ pro
esses, respe
tively.The �nal distributions for the bb̄ invariant mass of the Higgs 
andidate for the two ℓℓbb̄ and

ννbb̄ sear
h 
hannels, after the respe
tive analysis sele
tions are applied and for an integratedluminosity of 30 fb−1, are shown in Fig. 7.29. For both 
hannels the statisti
al signi�
an
ewas evaluated by 
ounting the number of signal and ba
kground events in the 104-136 GeVmass region. The 
ombined statisti
al signi�
an
e of all three 
hannels, obtained by simplyadding the signi�
an
es in quadrature is 3.7, based on an integrated luminosity of 30 fb−1.
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Figure 7.29: Distribution of the invariant mass of the Higgs boson 
andidate after analysis sele
tion for the
ℓℓbb̄ (left) and the ννbb̄ (right) 
hannels. The two distributions are normalised to an integrated luminosity of30 fb−1, based on LO 
ross se
tions. Taken from Ref. [98℄.In addition, the in�uen
e of the systemati
 un
ertainty on the ba
kground levels on thedis
overy sensitivity was 
onsidered. In order to get a rough idea of the in�uen
e of 
orrelationsof the ba
kground levels between di�erent 
hannels, three 
lasses of ba
kgrounds were de�ned:
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• (t): tt̄, WW , WZ and ZZ;
• (w): W + jets and Wt;
• (z): Z + jets,and the expe
ted number of ba
kground events of the same 
lass for di�erent 
hannels wereassumed to be 
ompletely 
orrelated, while the ba
kground levels were assumed to be 
om-pletely un
orrelated between the di�erent ba
kground 
lasses.Table 7.11 shows the estimated median dis
overy sensitivity as a fun
tion of possible valuesof the un
ertainties σt, σw and σz. Assuming that the di�erent ba
kground 
lasses 
an be
ontrolled with a pre
ision of the order of 10-15%, a median 
ombined dis
overy sensitivityof 3.0-3.2 σ 
an be a
hieved.

σt σw σz Signi�
an
ePerfe
t Perfe
t Perfe
t 3.75% 5% 5% 3.510% 10% 10% 3.215% 15% 15% 3.020% 20% 20% 2.830% 30% 30% 2.550% 50% 50% 2.275% 75% 50% 2.050% 10% 10% 2.8Table 7.11: Signi�
an
es for di�erent s
enarios with di�ering ba
kground un
ertainties. A Higgs boson massof mH = 120 GeV and an integrated luminosity of 30 fb−1 is assumed. Taken from Ref. [98℄.While this 
onstitutes a �rst attempt to get a reasonable estimate of the 
ombined dis
overysigni�
an
e of the V H (V = W,Z) 
hannels, a more detailed study is, however, needed, inorder to de�ne a strategy whi
h makes an estimate of the ba
kground levels with a pre
isionof 10-15 %, or better, possible. In addition, the 
orrelations between the various ba
kgroundswhen performing this estimate need to be more realisti
ally modelled. This is the main aimof the shape-based likelihood �t analysis presented in the next 
hapter for the WH → ℓνbb̄sear
h 
hannel. An extension to the other two 
hannels will be needed in order to get also amore realisti
 estimate of the 
ombined dis
overy sensitivity.



8 Fit based approa
h and systemati
un
ertainties8.1 Impa
t of systemati
 un
ertaintiesA �rst evaluation of the dis
overy sensitivity of the WH → ℓνbb̄ analysis to a StandardModel Higgs boson with a mass around 120 GeV was presented in Se
tion 7.5, based on a �rstevaluation of the signi�
an
e based on naïve event-
ounting. The sensitivity of the analysis
an be 
ondensed in the statisti
al signi�
an
e S√
B
.However, this signi�
an
e 
an only be realised under the hypothesis that the expe
tednumber of ba
kground events is known very pre
isely. This un
ertainty on B, whi
h will bedenoted ∆B in the following, 
an be very high, due to the high un
ertainty in the theoreti
alpredi
tion of the di�erential 
ross se
tion of the ba
kgrounds in the very spe
i�
 sele
tedregion of phase spa
e and due to the un
ertainty on the ba
kground a

eptan
e as predi
tedby Monte Carlo simulations. In order to understand how this un
ertainty propagates intothe sensitivity of this 
hannel to the dis
overy of a Higgs boson with a mass of 120 GeV, thestatisti
al un
ertainty on the ba
kground √

B is summed up in quadrature with the systemati
un
ertainty ∆B, yielding a 
orre
ted signi�
an
e of the form S√
B+∆B2

, as shown in Fig.8.1as a fun
tion of ∆B
B .
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Figure 8.1: Dis
overy signi�
an
e for a 120 GeV Higgs boson as a fun
tion of the ba
kground un
ertainty
∆B
B

for 30 fb−1 of 
olle
ted data. The error a

ounts for the limited available Monte Carlo statisti
s. Nofurther systemati
 un
ertainties are 
onsidered here.
207



208 8 Fit based approa
h and systemati
 un
ertaintiesFor example, if a relative ba
kground un
ertainty of 25% is 
onsidered (whi
h is not toounrealisti
), the dis
overy signi�
an
e drops from ≈ 3.0 to ≈ 2.0. This drop is limited by therelative high purity of the sele
ted signal ( S
B ≈ 2

3)1, but it is still very signi�
ant.In order to avoid su
h a drop in the dis
overy sensitivity, a more sophisti
ated approa
h,whi
h permits to extra
t the number of signal and ba
kground events from the data, 
an beadopted, relying on a maximum likelihood �t based on the di�erent shapes expe
ted for fewdis
riminating variables in signal and ba
kground.8.2 Maximum likelihood formalismThe events passing the basi
 loose analysis presele
tion presented in in Se
tion 7.5 are used asinput to an (unbinned) extended maximum likelihood �t, whi
h extra
ts the number of events(yields) for the signal and for the di�erent ba
kground 
omponents, relying on probabilitydensity fun
tions (PDFs) for the following dis
riminating variables:
• Higgs boson 
andidate invariant mass (�ltered mass);
• pT of the hardest additional jet in the event;
• b-weight (b-tagging dis
riminating variable);
• ∆η(W ,H), the distan
e in pseudo-rapidity between the H and the W bosons 
andidates.The b-weight is based on the b-tagging dis
riminator for the two subjets from the Higgsboson 
andidate, de�ned as:

w = log

(
P (b)

P (b) + clP (l) + (1 − cl)P (c)

)
, (8.1)where P (b), P (c) and P (l) are the a-posteriori probabilities that respe
tively a b-,c- or lightjet has been sele
ted. A value of cl = 0.2 is used. The b-weight whi
h is fed into the likelihood�t is the smallest b-weight of the two subjets.Sin
e for the Higgs boson 
andidate a large dependen
e of the invariant mass distributionon the Higgs boson transverse momentum is seen in tt̄ and Wt events, the invariant massdistribution is des
ribed using a PDF whi
h is made 
onditionally dependent on the transversemomentum of the Higgs boson 
andidate. The 
onditional dependen
e requires the integralover the whole mass range 
onsidered to be one regardless of the value of the Higgs bosontransverse momentum. The 
hoi
e of introdu
ing this dependen
e is motivated by the fa
tthat for the tt̄ ba
kground the number of events sele
ted for example in a mass window of

(112 < mH < 136) GeV de
reases more rapidly as a fun
tion of the Higgs boson 
andidatetransverse momentum than for the signal, as shown in Fig. 8.2, so that this behaviour 
an beexploited to in
rease the sensitivity of the �t to the presen
e of a Higgs boson signal.1To understand how dramati
 the impa
t of the signal-over-ba
kground ratio is, the reader is re
ommendedto 
ompare Fig. 8.1 with the analogous Fig. 7.2 of Chapter 7, whi
h refers to the in
lusive (low pT) WHanalysis.
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Figure 8.2: (Left) Distribution of the Higgs boson 
andidate invariant mass, after appli
ation of the looseanalysis presele
tion 
uts. (Right) Distribution of the Higgs boson 
andidate transverse momentum for allevents inside a mass window region of 112-136 GeV, where most of the Higgs boson signal events are expe
ted,after loose analysis presele
tion 
uts. Both distributions are normalised to 30 fb−1 of 
olle
ted data. Labels:
V +jets in
ludes both W+jets and Z+jets; V V in
ludes ZZ,WZ and WW events and top in
ludes both tt̄and Wt.The overall likelihood fun
tion depends dire
tly on the signal and ba
kground yields and,through the PDFs, on the values of the dis
riminating variables in ea
h event of the datasample on whi
h the �t is applied. Its expli
it fun
tional form is:
L =

e−(NWH+NWZ+Ntt̄+NWt+NW+jet)

Ntot!
ΠNtot

i=0 { (8.2)
NWHPWH(mH, i)PWH (pT,H , i)PWH(pT (add. jet, i))PWH (b weight, i)PWH(∆η(W,H), i) +

NWZPWZ(mH, i)PWZ(pT,H , i)PWZ(pT (add. jet, i))PWZ(b weight, i)PWZ(∆η(W,H), i) +

Ntt̄Ptt̄(mH, i|pT,H , i)Ptt̄(pT,H , i)Ptt̄(pT (add. jet, i))Ptt̄(b weight(i))Ptt̄(∆η(W,H), i) +

NWtPWt(mH,i|pT,H , i)PWt(pT,H , i)PWt(pT (add. jet, i))PWt(b weight, i)PWt(∆η(W,H), i) +

NW+jetPW+jet(mH, i|pT,H , i)PW+jet(pT,H , i)PW+jet(pT (add. jet, i))

PW+jet(b weight, i) + PW+jet(∆η(W,H), i)},where:
• the index i runs over all events Ntot in the data sample;
• Pcomp(var) represents the probability density fun
tion (PDF) of variable var for 
om-ponent comp;
• NWH,WZ,tt̄,W t,W+jet represent the number of events (yield) for the signal and the variousba
kground 
omponents.Further minor ba
kgrounds are in
luded in ea
h of the WZ, tt̄, Wt and W +jet ba
kground
omponents: WZ also in
ludes the small ZZ and WW 
omponents, while W+jet also 
on-tains Z+jet. In addition the signal 
omponent also in
ludes the small signal 
ontribution
oming from ZH, where typi
ally the Z boson de
ays leptoni
ally, but one of the two leptonsis not re
onstru
ted and provides a large Emiss

T signature.
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h and systemati
 un
ertainties8.2.1 De�nition of signal and ba
kground PDFsThe PDFs used in the �t for the various signal and ba
kground 
omponents are expressed asa fun
tion of the dis
riminating variables and of few additional parameters. The variationof these parameters make it possible to adapt the shapes of the PDFs. The use of fullyparametrised PDFs has several advantages with respe
t to the use of template PDFs with a�xed shape (e.g. simple smoothed histograms):
• The e�e
t of statisti
al and systemati
 un
ertainties 
an be easily handled as variationsof the parameters whi
h de�ne the PDFs.
• Whenever the shape of a PDF 
an be determined on data, the parameters for this PDF
an be determined dire
tly in the �t, with the advantage that the resulting un
ertaintyis intrinsi
ally 
onsidered in the �t result.The fun
tional form 
hosen for the PDFs, in parti
ular with respe
t to the number of param-eters, is ne
essarily a 
ompromise between the maximum �exibility in being able to des
ribeany systemati
 variation of the PDFs and the need to keep the number of degrees of freedomof the model low. A high number of degrees of freedom in fa
t will in
rease the amount ofdata needed to determine the values of the parameters with 
omparable pre
ision. In some
ases, as for the invariant mass of the Higgs boson 
andidate in the signal, the parametershave a dire
t physi
al meaning, as for example the 
ore Gaussian resolution σ. In other 
asesthe fun
tional form and the parametrisation for the PDFs were found heuristi
ally by lookingat the distributions and trying to �nd a suitable fun
tional form.The �ltered mass distribution for both signal and WZ ba
kground is parametrised by theuse of the following PDF:

f(x;m,σ±, α±) = exp

[
− (x − m)2

2σ2
± + α±(x − m)2

]
, (8.3)whi
h represents a bifur
ated Gaussian fun
tion, with asymmetri
 left and right Gaussianwidths σ± and, in addition, with asymmetri
 left and right non-Gaussian tails des
ribed by

α±. The mass distribution for the tt̄ and Wt ba
kground is parametrised by the use of a PDF
onditionally depending on pT (Higgs) based on the sum of two bifur
ated Gaussian:
f(x;m1,m2, σ1, σ2, f1) = (1 − f1) · exp

[
−(x − m1)

2

2σ2
1

]
+ f1 · exp

[
−(x − m2)

2

2σ2
2

]
, (8.4)where the parameters m1, m2 and f1 are de�ned as a fun
tion of pT (Higgs):

m1 = m1,0 + m1,1 · (pT − 250 GeV) + m1,2 · (pT − 250 GeV)2 (8.5)
m2 = m2,0

m1

m1,0
(8.6)

f1 = f1,0 + f1,1 · (pT − 200 GeV) + f1,2 · (pT − 200 GeV)2 (8.7)The form of the dependen
e on pT (Higgs) is 
hosen in su
h a way that the two peaks ofthe bifur
ated Gaussian move to higher values with in
reasing pT (Higgs) values, where thisdependen
e is expressed through a quadrati
 relation, while the relative fra
tion of the twobifur
ated Gaussians 
hanges also as a quadrati
 fun
tion of pT (Higgs). The 
hoi
e of thisparametrisation is justi�ed by the fa
t that two approximately Gaussian peaks are observedin the tt̄ and Wt ba
kground, the �rst related to all Higgs boson 
andidates where one ofthe three jets originating from the top quark de
ay does not enter the Higgs boson 
andidate
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tion, the se
ond related to all 
ases where all three jets originating from the top quarkde
ay enter the sele
tion and are thus 
onsidered for the 
omputation of the Higgs boson
andidate mass. At higher Higgs boson 
andidate transverse momenta, the top quark pT ishigher and the de
ay produ
ts are more 
ollimated: this justi�es the fa
t that the fra
tion ofevents in the se
ond peak is larger with higher pT (Higgs).The W+jet ba
kground is parametrised through the use of a Gaussian fun
tion modi�edby a se
ond order polynomial:
f(x;x0, p2, σ) = (x + p2 · x2)exp

[
− x2

2σ2

]
, (8.8)where the σ parameter is also made pT (Higgs) dependent:

σ = p0 + p1 · (pT − 250 GeV) (8.9)For the signal and the WZ ba
kground the shape for the �ltered mass distribution does notdepend signi�
antly on the Higgs boson transverse momentum, on
e the 
orre
tion workedout in Se
tion 7.9 is applied, so no expli
it dependen
e of the mass PDF on pT (Higgs) needsto be 
onsidered.The pT (Higgs) distribution is parametrised in terms of a simple step fun
tion with only fourbins. This PDF is not intended to in
rease the dis
rimination power of the �t, be
ause of thetheoreti
al un
ertainties 
onne
ted with its underlying distribution and be
ause it providesa negligible separation power between the signal and ba
kground 
omponents. In prin
iple,it is possible to setup a likelihood fun
tion whi
h depends only 
onditionally on this variableand the normalisation over pT (Higgs) 
an be handled by making expli
it use of the valuesof pT (Higgs) of the data sample on whi
h the �t is applied. However, this approa
h reliesimpli
itly on the assumption that the pT (Higgs) distribution is the same for all signal andba
kgrounds, whi
h does not hold in this 
ase (Fig. 8.4), and leads to a signi�
ant bias onthe expe
ted number of signal events2. In order to solve this problem, the PDF for the
pT (Higgs) distribution has been introdu
ed expli
itly into the likelihood fun
tion, however itsdis
rimination power has been limited by adopting four only bins and adding in the �t anadditional systemati
 un
ertainty on the 
ontent of ea
h bin of 15%3.The transverse momentum of the additional jets in the event is also parametrised in termsof a simple step fun
tion between 0 and 60 GeV. While for transverse momenta above 30 GeVthe signal purity is small, extending the �t to higher values is very useful in order to in
reasethe region where the tt̄ ba
kground is dominant.The b-weight is also parametrised in terms of a simple step fun
tion, with 5 bins, wherethe intervals were 
hosen in su
h a way to possibly in
rease the dis
rimination power, whilekeeping the number of degrees of freedom (nbins − 1) low.In addition to the variables already des
ribed, a small additional dis
riminating power isprovided by the variable ∆η(W ,H), whi
h is parametrised through the use of a simple Gaussfun
tion.All PDFs need to be normalised in su
h a way that their integral over the full range de�nedfor the dis
riminating variable they depend on is one:

f̂(var, ~α) =
f(var, ~α)∫

f(var, ~α)d(var)
, (8.10)2This e�e
t is studied more in general with toy models in Ref. [99℄.3The in�uen
e of the exa
t value used for this un
ertainty onto the �t is found to be small, however thepre
ise value to be used on
e data will be available will need to be determined by a dedi
ated study on thein�uen
e of theoreti
al un
ertainties on this distribution, for example by varying the renormalisation andfa
torisation s
ale used during event generation, in addition to the experimental un
ertainties 
onsideredlater in this study.
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h and systemati
 un
ertaintieswhere ~α are the additional parameters the PDF depends on. The PDFs de�ned for the tt̄,
WZ and the W+jet ba
kgrounds 
ontain a 
onditional dependen
e on pT (Higgs). Theirnormalisation needs to be 
omputed in a slightly di�erent way:

f̂(m(H), ~α|pT (H)) =
f(m(H), ~α|pT (H))∫
f(m(H), ~α|pT (H))dm

. (8.11)Even if the se
ond normalisation integral may appear similar to the �rst at �rst glan
e, it
ontains an important additional dependen
e on pT (H). The �rst normalisation integraldepends only on the PDF parameters ~α, whi
h 
hange at most on
e per �t iteration (in 
asethey are left free to be determined in the �t), so it needs to be 
omputed at most on
e per �titeration. The se
ond normalisation integral 
hanges as a fun
tion of the value of pT (H) ofthe event of the data sample the PDF is being evaluated on: sin
e an unbinned �t is used, thisnormalisation integral needs to be evaluated a number of times equivalent to the number ofevents in the data sample (≈ 2000 for 30fb−1 of integrated luminosity), for every �t iteration.The repeated evaluation of these integrals by using numeri
al integration is extremely slow.Therefore all 
onditionally dependent PDFs were �rst integrated analyti
ally or 
omputedin terms of error fun
tion, and the result implemented in the de�nition of the PDFs. Thisin
reased the speed of the �t by more than an order of magnitude.8.2.2 Determination of PDF shapes using Monte Carlo eventsThe simplest way to determine the parameters of the PDFs and therefore their exa
t shapeis to run several �ts where the likelihood fun
tion de�ned in Eq. 8.2 is maximised with datasamples de�ned as ea
h of the single separate signal and ba
kground Monte Carlo samples,with all events passing the loose analysis presele
tion. While performing the �t, the yields ofthe remaining signal or ba
kground 
omponents are �xed to 0 and only the parameters of thePDFs involving the signal and ba
kground 
omponent under 
onsideration are determined inthe �t. This operation permits to obtain the shapes of the PDFs from Monte Carlo.In addition to the un
orre
ted ATLFAST-II Monte Carlo samples 
onsidered in this se
tion,whi
h represent the perfe
t s
enario, in Se
tion 8.6 an additional set of Monte Carlo sampleswill be 
onsidered, whi
h represent the nominal s
enario, where some additional 
orre
tionsare applied in order to obtain a more realisti
 estimate of the dete
tor performan
e. Whileonly the perfe
t s
enario is dis
ussed here, the �gures presented in the following show also thePDF shapes for the nominal s
enario.The shapes obtained for the PDFs are 
ompared with the a
tual distributions of the dis-
riminating variables after loose analysis presele
tion 
uts in the single signal or ba
kgroundMonte Carlo samples, as a �rst 
ross-
he
k that the assumed fun
tional forms des
ribe theunderlying distributions reasonably well.The shapes of the mass and b-weight PDFs for the tt̄ and Wt ba
kgrounds are determinedon a spe
i�
 
ontrol sample derived from the tt̄ ba
kground, whi
h relies on an alternativeanalysis sele
tion and whi
h will be des
ribed in detail in Se
tion 8.3: in these spe
i�
 
ases thedistributions of the dis
riminating variables after loose analysis presele
tion 
uts are there-fore 
ompared with the PDFs as determined on the tt̄ 
ontrol sample, whi
h represents astatisti
ally independent set of events. However, a 
omparison between these PDFs and theirunderlying distributions in the 
ontrol sample itself is also shown separately, to permit aneasier 
ross-
he
k of the assumed fun
tional form.In Fig. 8.3 the proje
tions of the likelihood fun
tion on the Higgs boson invariant massvariable are shown for the di�erent signal and ba
kground 
omponents, together with thedistributions of the respe
tive Monte Carlo samples. Su
h a proje
tion, whi
h 
onsists in
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e on the Higgs boson transverse momentum and the likelihooddependen
e on all remaining dis
riminant variables, de�nes the Higgs mass PDF.Fig. 8.4 illustrates the PDFs for the transverse momentum of the Higgs boson 
andidate,for all signal and ba
kground 
omponents.The PDFs for pT (H) as determined on the Monte Carlo samples are shown in Fig. 8.4.The PDFs based on the pT of the additional jets as dis
riminating variable are shownin Fig. 8.5, again for all signal and ba
kground 
omponents, together with their relateddistribution in Monte Carlo.In order to in
rease the b-tagging dis
riminating power, in parti
ular against 
harm-quarkjets, the b-weight is introdu
ed expli
itly in the �t. The PDFs as determined on the MonteCarlo samples are shown in Fig. 8.6.Finally the PDFs for the ∆η(W ,H) variable are shown in Fig. 8.7.The 
onditional dependen
e of the mass distribution of the Higgs boson 
andidate on itstransverse momentum is illustrated for the tt̄ ba
kground 
omponent in Fig. 8.8 and for the
W+jet ba
kground in Fig. 8.9. For the tt̄ ba
kground, sin
e the number of events in the
ontrol sample is higher than in the sample of events after signal presele
tion 
uts, the tt̄
ontrol sample was used here4. It is parti
ularly important that the dependen
e on pT (Higgs)is 
orre
tly modelled: while this seems really to be the 
ase for the tt̄ ba
kground, for the
W+jet ba
kground a higher statisti
s Monte Carlo sample to 
ross-
he
k the 
hosen fun
tionalform would be highly desirable.Sin
e the Monte Carlo statisti
s is limited, the PDFs determined in this way, even underthe hypothesis of a good 
hoi
e of their fun
tional forms, 
annot be 
onsidered as a perfe
trepresentation of the underlying true distributions. The statisti
al un
ertainty 
onne
ted tothe limited statisti
s of the Monte Carlo samples on whi
h the PDFs shapes are determinedwill be expli
itly 
onsidered together with the remaining systemati
 deformations of the PDFs.It is however worth noti
ing that this un
ertainty 
an be redu
ed by in
reasing the amountof produ
ed Monte Carlo events.8.2.3 Correlation between �t variablesApart from the �ltered mass and the transverse momentum of the Higgs boson 
andidate, allother variables are assumed to be un
orrelated in the �t. This is re�e
ted in the likelihoodfun
tion (Eq. 8.2), where the one-dimensional PDFs of the single signal or ba
kground 
om-ponents based on all remaining dis
riminating variables are just multiplied with ea
h other.In order to avoid any bias in the �t result, this assumption needs to be valid for the signaland all ba
kground 
omponents.A �rst simple 
ross-
he
k of these 
orrelations is provided by 
onsidering the linear 
orre-lation fa
tors between all �t variables and is illustrated in the Tables 8.1-8.5, separately forall signal and ba
kground 
omponents.The most sizable 
orrelations happen to o

ur in the tt̄ and W+jet ba
kground between the�ltered mass and the pT (Higgs) variables, but this 
orrelation is 
orre
tly a

ounted for in thelikelihood fun
tion. The remaining not modelled 
orrelations are mostly at the few per
entlevel, in all remaining 
ases smaller than ≈ 12%. The e�e
t of these residual 
orrelations isexpe
ted to be small.Sin
e the assumption that the variables used in the �t are un
orrelated is essential for thepresent study, in Se
tion D.1 a more detailed study of these 
orrelations is presented, whi
h4The equivalen
e of the dependen
e of the Higgs mass on pT (Higgs) between signal and 
ontrol region willbe demonstrated in Se
tion 8.3.
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Figure 8.3: PDFs for the �ltered mass variable (in GeV) for the signal and the various ba
kgrounds. Overlaidare the respe
tive mass distributions from Monte Carlo. Samples: signal (top left), WZ (top right), W+jet(middle left), tt̄ (middle right), W t (bottom left) and tt̄ from the 
ontrol sample (bottom right); in bla
k theparametrisation for the perfe
t 
ase, in red for the nominal one.
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Figure 8.4: PDFs for the transverse momentum of the Higgs boson for the signal and the various ba
k-grounds. Overlaid are their distributions from Monte Carlo. Samples: signal (top left), WZ (top right),
W+jet (middle left), tt̄(middle right), W t (bottom left) and tt̄ from the 
ontrol sample (bottom right); inbla
k the parametrisation for the perfe
t 
ase, in red for the nominal one.
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Figure 8.5: PDFs for the transverse momentum of the hardest additional jet for the signal and the variousba
kgrounds. Overlaid are the respe
tive distributions from Monte Carlo. Samples: signal (top left), WZ (topright), W+jet (middle left), tt̄ (middle right) and Wt (bottom); in bla
k the parametrisation for the perfe
t
ase, in red for the nominal one.



8.2 Maximum likelihood formalism 217

b−weight
0 1 2 3 4 5 6 7

A
rb

itr
ar

y 
un

its

0

100

200

300

400

500

600

b−weight
0 1 2 3 4 5 6 7

A
rb

itr
ar

y 
un

its

0

100

200

300

400

500

600 WH

b−weight
0 1 2 3 4 5 6 7

A
rb

itr
ar

y 
un

its

0

20

40

60

80

100

120

140

160

180

200

220

b−weight
0 1 2 3 4 5 6 7

A
rb

itr
ar

y 
un

its

0

20

40

60

80

100

120

140

160

180

200

220
WZ

b−weight
0 1 2 3 4 5 6 7

A
rb

itr
ar

y 
un

its

0

20

40

60

80

100

120

140

160

180

200

b−weight
0 1 2 3 4 5 6 7

A
rb

itr
ar

y 
un

its

0

20

40

60

80

100

120

140

160

180

200 W+jet

b−weight
0 1 2 3 4 5 6 7

A
rb

itr
ar

y 
un

its

0

100

200

300

400

500

600

700

800

900

b−weight
0 1 2 3 4 5 6 7

A
rb

itr
ar

y 
un

its

0

100

200

300

400

500

600

700

800

900
tt 

b−weight
0 1 2 3 4 5 6 7

A
rb

itr
ar

y 
un

its

0

100

200

300

400

500

b−weight
0 1 2 3 4 5 6 7

A
rb

itr
ar

y 
un

its

0

100

200

300

400

500
Wt

b−weight
0 1 2 3 4 5 6 7

A
rb

itr
ar

y 
un

its

0

200

400

600

800

1000

1200

1400

b−weight
0 1 2 3 4 5 6 7

A
rb

itr
ar

y 
un

its

0

200

400

600

800

1000

1200

1400  (cs)tt 

Figure 8.6: PDFs for the b-weight variable for the signal and the various ba
kgrounds. Overlaid are therespe
tive distributions from Monte Carlo. Samples: signal (top left), WZ (top right), W+jet (middle left),
tt̄(middle right), Wt (bottom left) and tt̄ from the 
ontrol sample (bottom right); in bla
k the parametrisationfor the perfe
t 
ase, in red for the nominal one.
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Figure 8.7: PDFs for the ∆η(W ,H) variable for the signal and the various ba
kgrounds. Overlaid are therespe
tive distributions from Monte Carlo. Samples: signal (top left), WZ (top right), W+jet (middle left),
tt̄ (middle right) and W t (bottom); in bla
k the parametrisation for the perfe
t 
ase, in red for the nominalone.
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Figure 8.8: PDFs of the �ltered mass of the Higgs boson 
andidate for the tt̄ ba
kground in the 
ontrolsample for various pT (Higgs) bins. Overlaid are the distributions from Monte Carlo. For 
omparison thein
lusive distribution is shown on the bottom. In bla
k the parametrisation for the perfe
t 
ase, in red for thenominal one.
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Figure 8.9: PDFs for the �ltered mass of the Higgs boson 
andidate for the W+jet ba
kground for various
pT (Higgs) bins, with overlaid the distributions from Monte Carlo. For 
omparison the in
lusive distributionis shown on the bottom. In bla
k the parametrisation for the perfe
t 
ase, in red for the nominal one.
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ounts also for the presen
e of eventual non-linear 
orrelations. The result is that these
orrelations are found to be negligible, in the limit of the available Monte Carlo statisti
s.
pT add. jet �ltered mass pT (Higgs) ∆η(W ,H) b-weight

pT add. jet 100% 7% 9% 0% 1%�ltered mass 100% 2% 0% 6%
pT (Higgs) 100% 2% -12%
∆η(W ,H) 100% 1%
b-weight 100%Table 8.1: Correlation fa
tors between �t variables in the signal.

pT add. jet �ltered mass pT (Higgs) ∆η(W ,H) b-weight
pT add. jet 100% -4% 11% 7% -3%�ltered mass 100% -7% -2% 9%
pT (Higgs) 100% -3% -5%
∆η(W ,H) 100% 1%
b-weight 100%Table 8.2: Correlation fa
tors between �t variables in the WZ ba
kground.

pT add. jet �ltered mass pT (Higgs) ∆η(W ,H) b-weight
pT add. jet 100% 12% 8% -10% 2%�ltered mass 100% 34% -0% 12%
pT (Higgs) 100% -2% -0%
∆η(W ,H) 100% 10%
b-weight 100%Table 8.3: Correlation fa
tors between �t variables in the W+jet ba
kground.

pT add. jet �ltered mass pT (Higgs) ∆η(W ,H) b-weight
pT add. jet 100% 5% -4% 8% 5%�ltered mass 100% 34% -1% 3%
pT (Higgs) 100% -2% -0%
∆η(W ,H) 100% 2%
b-weight 100%Table 8.4: Correlation fa
tors between �t variables in the tt̄ ba
kground.
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pT add. jet �ltered mass pT (Higgs) ∆η(W ,H) b-weight

pT add. jet 100% 3% 4% 3% 3%�ltered mass 100% 31% -0% 2%
pT (Higgs) 100% 3% -5%
∆η(W ,H) 100% -3%
b-weight 100%Table 8.5: Correlation fa
tors between �t variables in the Wt ba
kground.8.3 De�nition of 
ontrol samplesTo redu
e the dependen
e on the Monte Carlo simulation and on the e�e
t of systemati
sun
ertainties, it is desirable to determine the shapes of the PDFs for the main ba
kgroundsdire
tly on data, by de�ning appropriate 
ontrol samples. In order for this to work, it is
ru
ial to demonstrate that the shapes of the PDFs in the signal and 
ontrol regions are thesame and, at the same time, that the sele
tion adopted for the 
ontrol region does preventevents from the signal or any other ba
kground to be a

epted in the 
ontrol sample.In this se
tion, the event sele
tion whi
h permits to de�ne two 
ontrol samples using tt̄events is des
ribed. The �rst permits to obtain an estimate of the mass and b-weight PDFsfor both the tt̄ ba
kground and the Wt ba
kgrounds, the se
ond permits to obtain the PDF forthe pT of the hardest additional jet in the event for the tt̄ ba
kground. After a des
ription ofthe sele
tion pro
edure and of the physi
s motivation behind it, the 
ompatibility of the PDFsin the signal and 
ontrol regions is demonstrated. Finally the in
lusion of this informationinto the �t is dis
ussed.In order to de�ne a 
ontrol sample for the tt̄ ba
kground, a basi
 understanding of thetopologi
al 
on�guration of the top anti-top pair faking the WH signal is needed. After therequirement of a highly boosted ba
k-to-ba
k bb̄ and W boson system, and after appli
ationof b-tagging, a tt̄ event 
an enter the signal sele
tion essentially only if two boosted ba
k-to-ba
k top quark have been produ
ed. On one side the top quark produ
es one high pT Wboson, whi
h ful�ls the sele
tion requirements, in asso
iation with a softer b-jet, whi
h failsthe b-tagging veto and has pT lower than 60 GeV. On the other side, the remaining top quarkfakes the Higgs boson 
andidate, where one of the de
ay produ
ts is a b-jet and the other istypi
ally a 
harm-jet, 
oming from the de
ay of the W boson originating from the same topquark. The third jet (from the W boson) is either low pT or 
ollinear with the other two jets.This gives rise to the double peak stru
ture already seen in Fig. 8.3, where the se
ond peakis positioned in proximity of the top quark mass. In fewer 
ases a 
ombination of a b- and alight-jet is sele
ted, where the light-jet 
an 
ome either from the W boson dire
tly, or through�nal state radiation: again, a very similar mass distribution is expe
ted.8.3.1 Control sample for mass and b-weight PDFsIn order to get the �ltered mass and b-weight distributions of the top quark mimi
king the bb̄system, it is su�
ient to reprodu
e the 
orre
t kinemati
 
on�guration of one of the two topquarks. The other top quark 
an be thus fully re
onstru
ted in the following way:

• Require the W boson to have pT >80 GeV, instead of 200 GeV;
• Revert the b-jet veto, requiring a b-jet with pT >15 GeV to be present in the event;
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• Re
onstru
t the leptoni
 top mass, requiring (148< mlep

top <188) GeV and pT (top)> 225GeV.The remaining sele
tion 
uts are left un
hanged and follow the nominal analysis, in
ludingthe additional light-jet veto 
ut. Sin
e the b-jet veto is exa
tly reverted, there is no overlapbetween the 
ontrol sample and the signal region. The 
omplete four momentum of theneutrino is obtained by assuming that the Emiss
T in the event originates ex
lusively from theneutrino from the W boson de
ay and by solving the equation whi
h requires the invariantmass of the lepton plus neutrino system to be equal to the nominal W boson mass. Thesolution of this equation is given by:

p2,z = p1,z

√
m2

1 + p2
1,T

√
m2

2 + p2
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

 , (8.12)where p1 is the four momentum of the lepton, p2 is the four momentum of the neutrino and
mW is the nominal W boson mass. Of the two possible solutions for pz the smallest one istaken, sin
e this is in most of the 
ases the 
orre
t one. This equation has one or two realsolutions only under the following 
ondition:

m2
W ≥ m2

1 + m2
2 + 2

[√
m2

1 + p2
1

√
m2

2 + p2
2,T − ~p1,T · ~p2,T

]
, (8.13)whi
h physi
ally expresses the 
onstraint that the transverse mass of the lepton and neutrinosystem 
annot ex
eed the nominal W mass. This 
orresponds to the limiting 
ase where thelongitudinal 
omponents of the momenta of the neutrino and of the lepton are not 
ontributingto the invariant mass of the W boson. Due to resolution e�e
ts, however, or, mu
h more rarely,due to the intrinsi
 width of the W boson resonan
e, the re
onstru
ted transverse mass 
anex
eed this value. In this 
ase, the hypothesis is made that the limiting 
ondition of Eq. 8.13is ful�lled, and therefore one only solution is obtained:

p2,z = p1,z

√
m2

1 + p2
1,T

√
m2

2 + p2
2,T

(8.14)The invariant mass of the leptoni
 top before applying the mass window 
ut is shown inFig. 8.10.The sele
tion just des
ribed is applied to the signal and all ba
kground samples, as shownin Tables 8.6 and 8.7. In 30 fb−1 of data, 982 ± 25 tt̄ events are sele
ted, while the amountof signal and remaining ba
kgrounds passing the sele
tion is negligible: the sele
ted 
ontrolsample 
an be 
onsidered to be ba
kground free. The amount of Wt ba
kground feeding intothe sele
tion is not 
ompletely negligible, however, as will be shown in the following, the sameHiggs invariant mass distribution is expe
ted as in tt̄ events, so that this 
omponent 
an besimply 
onsidered as a part of the 
ontrol sample.After the sele
tion for the �rst tt̄ 
ontrol sample is de�ned, it needs to be demonstrated thatthe Higgs boson 
andidate invariant mass and the b-weight distributions are exa
tly the sameas in the signal region. However, in the 
ontrol sample, due to the way the leptoni
 top is se-le
ted, a kinemati
 bias will be indu
ed also on the top quark (on the opposite side of the event)whi
h mimi
s the bb̄ system representing the Higgs boson 
andidate, whi
h will have a slightlydi�erent kinemati
 
on�guration than in the signal region. This a�e
ts the pT distribution of
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Figure 8.10: Leptoni
 top mass as re
onstru
ted in the tt̄ sample, at the sele
tion stage where usually in theanalysis a b-jet veto is required. The normalisation is arbitrary and 
orresponds to the available Monte Carlostatisti
s. WH(115) WH(120) WH(130) WZ tt̄(pmin

T
) W+jets WtAfter �lter 
uts 962.3 ± 5.9 858.4 ± 6.4 655.2 ± 4.1 3935 1229506 582364 931551 Higgs 
andidate 646.2 ± 2.8 569.7 ± 3.0 429.7 ± 1.9 3509.7 ± 8.0 806175 562030 69375�ltered pT > 200 GeV 581.7 ± 2.9 512.7 ± 3.2 387.6 ± 2.0 3108 ± 10 709271 413406 60241Missing ET > 30 GeV 413.7 ± 2.9 362.4 ± 3.2 273.6 ± 2.0 2183 ± 13 552284 318400 46779

pT (W ) > 200 GeV 283.6 ± 2.7 248.3 ± 2.9 183.3 ± 1.8 1830 ± 13 393385 280223 36616
pT (e/µ)>30 GeV 201.8 ± 2.4 173.9 ± 2.6 128.5 ± 1.6 1377 ± 12 282569 223319 26624

pT (additional µ)<10 GeV 200.4 ± 2.4 172.5 ± 2.6 127.6 ± 1.6 1284 ± 12 257044 222648 25047
pT (additional e)<10 GeV 197.1 ± 2.4 169.8 ± 2.6 125.4 ± 1.6 1170 ± 12 230888 218839 23085

∆φ(W ,H)< 2

3
π 195.0 ± 2.4 168.4 ± 2.6 123.7 ± 1.6 1099 ± 12 190374 208005 20724leptoni
 top sele
tion 3.77 ± 0.37 4.10 ± 0.44 3.00 ± 0.27 18.6 ± 1.8 64740 3607 3388no additional b-jets pT >15 GeV 3.41 ± 0.35 3.76 ± 0.42 2.93 ± 0.27 16.9 ± 1.7 50380 3393 2676jets on W side pT <60 GeV 2.89 ± 0.33 2.99 ± 0.38 2.30 ± 0.24 13.2 ± 1.5 35887 2139 1961jets on H side pT <60 GeV 2.78 ± 0.32 2.70 ± 0.36 2.17 ± 0.23 10.5 ± 1.3 26654 1489 1560one subjet b-tagged 2.20 ± 0.28 2.07 ± 0.32 1.74 ± 0.21 4.22 ± 0.84 16310 118 ± 10 367 ± 11both subjets b-tagged 0.70 ± 0.16 0.67 ± 0.18 0.50 ± 0.11 0.84 ± 0.38 975 5.5 ± 2.3 15.8 ± 2.2loose �t 
uts 0.66 ± 0.16 0.67 ± 0.18 0.50 ± 0.11 0.84 ± 0.38 956 ± 24 5.5 ± 2.3 15.5 ± 2.2Table 8.6: Expe
ted number of events passing the tt̄ 
ontrol sample sele
tion 
riteria for the signal and themain ba
kgrounds, proje
ted to 30 fb−1 of integrated luminosity.the Higgs boson 
andidate in the 
ontrol sample, whi
h is 
ompared to the signal region inFig. 8.11. This di�eren
e indu
es a slightly di�erent overall distribution for the Higgs invari-ant mass in the signal and 
ontrol region. However, in the likelihood fun
tion, it does not needto be assumed that the overall PDF (m(H), pT (H)) = PDF (m(H)|pT (H))PDF (pT (H)) is
ommon for signal and 
ontrol region, but it 
an just be assumed that the 
onditional depen-den
e on pT (H) is the same in both signal and 
ontrol region. This is equivalent to assumingthat only the 
onditional PDF (PDF (m(H)|pT (H))) is in 
ommon with the 
ontrol sample,while di�erent distributions for PDF (pT (H)) are assumed.In order to disentangle the two e�e
ts, a 
orre
tion fa
tor has been worked out as a fun
tionof pT (Higgs): this expresses the ratio between the normalised pT (Higgs) distribution in thesignal region and the same distribution in the 
ontrol sample as a fun
tion of pT (Higgs), asshown in Fig. 8.11. Applying this 
orre
tion fa
tor, a re-weighted �ltered mass distribution isobtained for the 
ontrol sample, whi
h 
an then be dire
tly 
ompared with the �ltered massdistribution in the signal region, as shown in Fig. 8.12 (bottom). A more dire
t test of theequivalen
e of the 
onditional dependen
e on pT (H) of the 
onditional PDF Ptt̄(mfiltered,i|pT )
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ontrol samples 225ZH(120) WW ZZ tt̄(pmax
T ) Z+jetsAfter �lter 
uts 439.6 ± 2.9 8630 4079 1789159 2764551 Higgs 
andidate 295.9 ± 1.3 8428.0 ± 5.0 3372.1 ± 8.1 160154 225597�ltered pT > 200 GeV 267.8 ± 1.4 7355 ± 12 2993.4 ± 9.4 103170 175061Missing ET > 30 GeV 141.9 ± 1.3 6217 ± 15 1414 ± 10 75129 62883

pT (W ) > 200 GeV 68.1 ± 1.0 5770 910.4 ± 8.9 37552 29982
pT (e/µ)>30 GeV 19.65 ± 0.59 4449 530.2 ± 7.2 27543 17754

pT (additional µ)<10 GeV 12.48 ± 0.47 4414 384.0 ± 6.2 24892 12836
pT (additional e)<10 GeV 6.80 ± 0.35 4291 208.6 ± 4.7 21510 7978

∆φ(W ,H)< 2
3
π 6.35 ± 0.34 4123 185.5 ± 4.4 14888 6587leptoni
 top sele
tion 0.296 ± 0.074 59.9 ± 2.8 4.58 ± 0.72 4328 133 ± 10jets on W side pT <60 GeV 0.204 ± 0.061 38.4 ± 2.2 2.80 ± 0.56 1470 72.6 ± 7.5jets on H side pT <60 GeV 0.185 ± 0.059 29.1 ± 1.9 2.12 ± 0.49 1145 54.6 ± 6.5one subjet b-tagged 0.167 ± 0.056 2.71 ± 0.59 0.56 ± 0.25 535 7.0 ± 2.3both subjets b-tagged 0.056 ± 0.032 0.00 ± 0.13 0.22 ± 0.16 25.9 ± 6.3 0.00 ± 0.78loose �t 
uts 0.056 ± 0.032 0.00 ± 0.13 0.22 ± 0.16 25.9 ± 6.3 0.00 ± 0.78Table 8.7: Expe
ted number of events passing the tt̄ 
ontrol sample sele
tion 
riteria for the remainingba
kgrounds, proje
ted to 30 fb−1 of integrated luminosity.
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Figure 8.11: (Left) Transverse momentum of the Higgs boson 
andidates for tt̄ ba
kground in the 
ontrolsample 
ompared to those in the signal region, before and after applying the 
orre
tion, normalised to theirrespe
tive area. (Right) Corre
tion fa
tor for tt̄ ba
kground as a fun
tion of pT (Higgs) a

ounting for thedi�erent kinemati
 
on�guration in the 
ontrol sample with respe
t to signal region.is provided by 
omparing the Higgs boson 
andidate invariant mass in bins of pT (H). This isalso shown in Fig. 8.12.Due to the limited available Monte Carlo statisti
s the dependen
e on pT (Higgs) of the�ltered mass distribution 
annot be 
ompared between the signal region and the 
ontrolsample very pre
isely. In order to in
rease the available statisti
s and make a more detailed
omparison possible, the b-tagging requirement in the analysis sele
tion has been appliedalso dire
tly through the use of truth level information, sele
ting expli
itly b-c quark-jet
ombinations, whi
h represent the biggest 
ontribution expe
ted in the tt̄ ba
kground afterappli
ation of b-tagging, or sele
ting b-light quark-jet 
ombinations, whi
h represents theremaining minor 
ontribution. The result for both b-c and b-light quark-jet 
ombinations is
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Figure 8.12: Distributions of the �ltered mass for the tt̄ ba
kground for various pT (Higgs) bins, as obtainedfrom the 
ontrol sample, 
ompared to the same distribution in the signal region. In addition the in
lusivedistribution is shown on the bottom, before and after the pT (Higgs) dependent 
orre
tion. The distributionsare normalized to an area of one.
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tively in Fig. 8.13 and in Fig. 8.14: the dependen
e on pT (Higgs) 
an be studiedin more detail and it 
an be 
learly seen that the shape of the �ltered mass distribution isreprodu
ed extremely well in the 
ontrol sample, in every single 
hosen pT (Higgs) bin. Asimple Kolmogoro� test shows that all distributions are perfe
tly 
ompatible with ea
h other,ex
ept maybe for the pT (Higgs)> 350 GeV bin, where a small deviation is seen in the lefttail of the mass distribution. The in
lusive distribution shows that, after the re-weightingpro
edure in pT (Higgs) already mentioned, a perfe
t agreement between signal region and
ontrol sample is obtained.Sin
e the b-c and b-light jet 
omponent in the tt̄ ba
kground is 
orre
tly reprodu
ed, it
an be 
on
luded that the kinemati
 
on�guration of the top quark mimi
king the Higgsboson de
aying to bb̄ in the 
ontrol sample is 
orre
tly reprodu
ed as well. As an additional
he
k, Fig. 8.15 shows the distribution in pseudo-rapidity of the Higgs boson 
andidate in the
ontrol sample after 
orre
tion, 
ompared to the same distribution in signal region. Again,the agreement is very good.Also the b-weight distribution for the tt̄ ba
kground 
an be obtained from the same 
ontrolsample, sin
e this quantity again involves the top quark mimi
king the H → bb̄ system. A
omparison is shown in Fig. 8.16. The agreement is again very good. In this 
ase thereis no reason to 
are about an eventual dependen
e on pT (Higgs), sin
e this dependen
e issu�
iently weak not to 
ause any bias on the b-weight distribution.8.3.2 Control sample for pT of the additional jet PDFIn order to obtain the PDF for the transverse momentum of the hardest additional jet in theevent for the tt̄ ba
kground dire
tly from data, the de�nition of a se
ond 
ontrol sample isneeded. In fa
t, in this 
ase one needs both top quarks to remain unbiased with respe
t tothe nominal analysis sele
tion, sin
e the hardest additional jet will very often result from ajet stemming dire
tly or indire
tly from one of the two top quarks. At the same time oneneeds to fully re
onstru
t at least one of the two top quarks in order to sele
t a phase spa
eregion whi
h is free from signal and all other ba
kground 
ontributions.In order to do so the following sele
tion is applied:
• pT (W )>200 GeV (un
hanged)
• Revert the b-jet veto, requiring a b-jet with pT >15 GeV to be present in the event
• Re
onstru
t the leptoni
 top mass, requiring (148< mlep

top <188) GeV.The remaining 
ut �ow is left un
hanged with respe
t to the nominal signal sele
tion.While for the tt̄ ba
kground in the signal region no distin
tion is made between b- andnon b-jets for the jets entering the pT of the additional jet distribution, in the 
ontrol samplejust de�ned two separate 
ontributions are obtained, the b-jet from the leptoni
 top, whi
his expli
itly sele
ted, and the remaining hardest additional jet in the event. In the signalregion, the b-jets 
ontribute to the additional jet distribution only if they pass through the
b-jet veto, while in the 
ontrol sample they 
ontribute only if they pass the 
omplementary
b-jet identi�
ation 
riterion. Sin
e b-tagging does signi�
antly depend on the jet transversemomentum it is applied on, the kinemati
 distributions of the b-jets from the leptoni
 topin the 
ontrol sample and in the signal region are di�erent. However, sin
e the b-tagginge�
ien
y as a fun
tion of jet pT will be measured in data, this knowledge 
an be applied tore-weight the transverse momenta distribution of the identi�ed b-jets from the top to obtainthe 
orresponding one for the b-jets passing the b-veto in the signal region. In addition, thetwo separate b- and non b- 
ontributions derived from the 
ontrol sample need to be added
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Figure 8.13: Distributions of the �ltered mass for the tt̄ ba
kground for various pT (Higgs) bins, as obtainedfrom the 
ontrol sample sele
ting the b-c jet 
omponent through the use of truth level information. In additionthe in
lusive distribution is shown on the bottom, before and after the pT (Higgs) dependent 
orre
tion. Thedistributions are normalized to an area of one.
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Figure 8.14: Distributions of the �ltered mass for the tt̄ ba
kground for various pT (Higgs) bins, as obtainedfrom the 
ontrol sample sele
ting the b-light jet 
omponent through the use of truth level information. Inaddition the in
lusive distribution is shown on the bottom, before and after the pT (Higgs) dependent 
orre
tion.The distributions are normalized to an area of one.
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Figure 8.15: Pseudo-rapidity distribution of the Higgs to bb̄ 
andidate in the tt̄ ba
kground, on the left forthe full sele
tion, on the right after sele
ting only the b-c quark pair 
omponent and on the left after sele
tingonly the b-light quark pair 
omponent using truth level information. The distributions are normalized to anarea of one.
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Figure 8.16: b-weight distribution for the Higgs to bb̄ 
andidate in the tt̄ ba
kground, on the left for the fullsele
tion, on the right after sele
ting dire
tly the b-c quark pair 
omponent and on the bottom after sele
tingdire
tly the b-light quark pair 
omponent using truth level information. The distributions are normalized toan area of one.
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h and systemati
 un
ertaintieson top of ea
h other: this is easily done by 
hoosing - on an event basis - the hardest jetbetween the additional light jet 
ontribution and the one 
orresponding to the vetoed b-jets,whi
h is the only one whi
h would appear in the pT of the additional jet distribution in thesignal region. The pro
edure des
ribed so far results in two simple steps to be applied on the
ontrol sample:
• The pT of the jet with highest transverse momentum between the pT (b-jet) from theleptoni
 top or pT (additional jet) from the rest of the event is 
hosen.
• This 
ontribution is re-weighted by 1−ǫB

ǫB
, where ǫB is the b-tagging e�
ien
y 
orre-sponding to the pT of the b-jet from the leptoni
 top.As a drawba
k, the distribution obtained in this way misses the region of phase spa
e wherethe b-jet from the leptoni
 top has transverse momentum below 15 GeV or is outside the innerdete
tor a

eptan
e5, sin
e no event in the 
ontrol sample 
an represent su
h a kinemati

on�guration. However, under the assumption that the two b- and non b-jet 
ontributions inthe 
ontrol sample are un
orrelated, this will also be 
orre
ted for in the following.The whole pro
edure relies on the knowledge of the b-tagging e�
ien
y as a fun
tion of jet

pT . For the b-jet veto applied in the nominal analysis, 
orresponding to a 
ut on log(Pb

Pl
) <

−1, the mistagging rate turns out to be relatively �at as a fun
tion of pT (jet), with some�u
tuations over the whole 
onsidered pT range, while the b-jet e�
ien
y drops at low pT (jet),as expe
ted (see Fig. 8.17). In the following, a relative pre
ision of 5% on the b-tagginge�
ien
y for ea
h pT (jet) bin is assumed, whi
h is 
onsistent with the most re
ent studiesperformed in ATLAS on the prospe
ts to measure the b-tagging e�
ien
y in data using tt̄or di-jet QCD events [44℄. This is presumably a 
onservative assumption, sin
e these studiesrely on few hundreds of pb−1 of 
olle
ted data.
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Figure 8.17: b-tagging e�
ien
y and b-tagging mistag rate as a fun
tion of jet pT , 
orresponding to a 
ut onthe b-tagging weight of log
“

Pb

Pl

”

> −1.In order to understand if the method performs well, it is 
onvenient to 
he
k �rst sepa-rately whether it 
an 
orre
tly reprodu
e additional jets stemming from the b- and non b-5No b-tagging is possible if the jet pseudo-rapidity is su
h that the tra
ks related to the jet are outside theinner dete
tor a

eptan
e of |η| < 2.5.
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omponent. To in
rease the available statisti
s, for all intermediate 
he
ks no b-taggingrequirement is applied on the subjets from the Higgs → bb̄ 
andidate, but a truth level re-quirement is applied, sele
ting only Higgs boson 
andidates 
orresponding to true b-c jet pair
ombinations.In Fig. 8.18 (left) a 
omparison is made between the additional non b-jets in the event inthe 
ontrol sample (all additional jets ex
luding the b-jet used to sele
t the leptoni
 top),
ompared to the highest pT additional jet in the signal region whi
h is not mat
hed at truthlevel with a b-jet. The plot shows a reasonable agreement, and, most important, it also showsthat the additional non b-jet distribution does not depend signi�
antly on the pT of the b-jetfrom the leptoni
 top de
ay, sin
e the re-weighting based on the pT of the b-jet (labelled asCS-
orre
ted in the plot) does not have any visible e�e
t on the distribution.
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Figure 8.18: (Left) pT distribution for additional non b-jets in the 
ontrol sample and in the signal region.(Right) Contribution expe
ted from non b-jets to the �nal pT of the additional jet distribution in the 
ontrolsample and in the signal region.When 
ombining two b-jet and non b-jet distributions in the 
ontrol sample to obtain thein
lusive pT of the additional jet distribution expe
ted in the signal region, one is interestedin the non b-jet 
omponent only for the fra
tion where pT (non b-jet)> pT (b-jet). The relateddistribution one wants to reprodu
e in the signal region is shown in Fig. 8.18 (right) in red.A

ording to the two-step pro
edure introdu
ed above, the same 
ontribution, as derived fromthe 
ontrol sample, is also shown: it is labelled in the plot as pT (b-jet)> 15 GeV un
orre
tedbefore the re-weighting pro
edure and as pT (b-jet)> 15 GeV 
orre
ted afterwards. As alreadymentioned, in this way one misses the 
ontribution expe
ted from non b-jets in the signal regionin events where the b-jet has a transverse momentum below 15 GeV or is outside the innerdete
tor a

eptan
e. The fra
tion of events where this happens is at the moment estimated byusing Monte Carlo information and is used as an external, Monte Carlo dependent, input to themethod: this fra
tion is found to be 19%. A relative error of 20% is assumed on this fra
tion,to be robust against the in�uen
e of systemati
 un
ertainties like in parti
ular shifts in theenergy s
ale6. Sin
e the non b-jet 
omponent has been found to be fairly independent from the6Further studies to understand the in�uen
e of the di�erent experimental and theoreti
al systemati
 un
er-tainties on this assumption would be 
ertainly desirable: the assumed 20% relative error should only beseen as a �rst assumption. In the future it may be possible to get a handle on the relative fra
tion of b-jets



234 8 Fit based approa
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ertaintiessele
ted b-jet from the leptoni
 top, one 
an just add on top of the distribution obtained for
pT (b-jet)>15 GeV, a 19% 
omponent with the pure additional non b-jet 
ontribution alreadyillustrated in Fig. 8.18 (left). The �nal result is shown again in Fig. 8.18 (right) in blue ontop of the distribution expe
ted in the signal region. In the limit of the available statisti
s,the agreement is good.
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Figure 8.19: Contribution expe
ted from b-jets to the �nal pT of the additional jet distribution in the 
ontrolsample and in the signal region.In Fig. 8.19 the 
ontribution to the pT of the additional jet distribution deriving from b-jets is shown, in the 
ontrol sample (
onsidering the b-jet from the leptoni
 top) and in thesignal region (using truth level information to sele
t only the b-jet 
omponent). In this wayonly events where pT (b-jet)> pT (non b-jet) are sele
ted. Sin
e the pT of the additional jetdistribution is obtained only for values of pT above 15 GeV, in this 
ase there is no needto add any additional 
ontribution, sin
e, if pT (b-jet)< 15 GeV, then, ne
essarily, either
pT (b-jet)< pT (non b-jet), and thus a light-jet will 
ontribute to the pT of the additional jetdistribution, or there will be no additional jet with pT above 15 GeV at all. Due to the leptoni
top mass requirement, it is not obvious that the kinemati
 
on�guration of the b-jets is notbiased. The plot shows however that in the limit of the available statisti
s, the distributionfrom the 
ontrol sample 
an still reprodu
e the distribution in the signal region reasonablywell.Combining the b- and non b-jet 
ontributions, the distribution of Fig. 8.20 (left) is obtained.The same distribution is shown in Fig. 8.20 (right) applying the full analysis sele
tion withreal b-tagging applied. In the limit of the available statisti
s, the agreement is very good. Inthe plots, the result of a Kolmogoro�-Smirnov 
ompatibility test between the distributions inthe 
ontrol sample and in the signal region is also shown.8.3.3 Implementation in the likelihood �tIn this se
tion two 
ontrol samples were introdu
ed so far for the tt̄ ba
kground: the �rst
ontrol sample 
an be used to obtain the PDFs for the �ltered mass distribution as a fun
tionfrom the leptoni
 top outside the pT or η a

eptan
e by trying to extrapolate the pT and η distributionsto these non a

essible kinemati
 regions.
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Figure 8.20: (Left) pT distribution for additional jets as obtained from the 
ontrol sample, 
ompared tothe same distribution in the signal region, for the 
ase where truth level b-tagging is applied to in
rease theavailable statisti
s. (Right) pT distribution for additional jets as obtained from the 
ontrol sample, 
omparedto the same distribution in the signal region, 
orresponding to applying the full analysis sele
tion.of pT (Higgs) and the PDF for the b-weight, while the pT of the additional jet distribution 
anbe obtained from the se
ond 
ontrol sample.The �rst 
ontrol sample, sin
e it is based on unweighted events, 
an be integrated dire
tlyinto the maximum likelihood �t by adding a spe
i�
 likelihood fun
tion for the events in the
ontrol sample, of the form:
LCS = Π

Ntot,cs

i=0 Ptt̄(mH , i|pT , i)Ptt̄,CS(pT (H, i))Ptt̄(b weight, i), (8.15)where the parameters for Ptt̄(mfiltered,i|pT (filtered, i)) and Ptt̄(b−weight(i)) are 
onstrained tobe identi
al to the parameters for the tt̄ ba
kground in the signal region, while the parametersfor the PDF Ptt̄,CS(pT (filtered, i)) are left free to be determined on the 
ontrol sample. Insteadof �rst performing a maximum likelihood �t on the 
ontrol sample to determine these 
ommonparameters and then later use them (keeping them �xed) in the nominal �t in the signal region,a simultaneous �t is performed on both 
ontrol sample and on the signal region, maximisinga global likelihood fun
tion de�ned as:
log(LTOT ) = log(LCS) + log(LSR), (8.16)where CS is the 
ontrol sample and SR the signal region. In the simultaneous �t the param-eters for the PDFs in the signal region are left free to vary, but 
onstrained by the knowledgeprovided by the simultaneous �t on the 
ontrol sample. In this way the systemati
 un
er-tainties 
onne
ted to the pre
ision by whi
h the PDFs are determined on the 
ontrol sampleare propagated to the �t in the signal region and are therefore re�e
ted in the statisti
alun
ertainty of the parameters determined in the nominal �t.The se
ond 
ontrol sample, used for the determination of the pT (additional jet) distribution,is more di�
ult to introdu
e dire
tly into the �t, be
ause the events used to obtain su
h adistribution are weighted and weighted events are di�
ult to feed into an unbinned maximumlikelihood �t in a straightforward way. Therefore the parameters for the PDF based on

pT (additional jet) are simply �rst determined on the 
ontrol sample and then later used in
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h and systemati
 un
ertaintiesthe nominal �t. In addition, when 
onsidering also the remaining systemati
 un
ertainties,the un
ertainties 
orresponding to the error bars shown in Fig. 8.20 (right distribution) arealso propagated to the �t in the signal region.8.3.4 Control samples for the Wt ba
kgroundFor the Wt ba
kground, the de�nition of a spe
i�
 
ontrol sample appears to be more di�
ult.However, the Higgs boson 
andidate mass distribution in the Wt ba
kground is expe
ted tobe identi
al to the 
orresponding one in the tt̄ ba
kground, sin
e in both 
ases a high pT topquark is mimi
king the bb̄ system representing the Higgs boson 
andidate. The same is truefor the b-weight distribution.In order to verify these statements, analogously to what was already done for the tt̄ ba
k-ground, the mass distribution in the Wt ba
kground is 
ompared to the mass distributionas obtained from the �rst tt̄ 
ontrol sample: this is shown in Fig. 8.21, after applying thefull analysis sele
tion, and in Figs. 8.22 and 8.23, after sele
ting only b-c jet 
ombinationsand b-light jet 
ombinations, respe
tively, through the use of truth level information. Forboth the b-c and b-light jet 
omponents the agreement is very good. The same 
omparison isshown for the b-weight distribution in Fig. 8.25: applying b-tagging at truth level and sele
t-ing separately b-c and b-light jet 
ombinations, the agreement is perfe
t, while, after applying
b-tagging at re
onstru
tion level, some dis
repan
y is seen, with a more pronoun
ed tail athigh b-weight values in the Wt ba
kground with respe
t to the tt̄ 
ontrol sample.The reason is that, while the relative amount of b-c and b-light jet 
ombinations is 
om-patible in the tt̄ and Wt ba
kgrounds, in around 10% of the Wt events, at truth level the
b-jet label is assigned to both the subjets representing the de
ay produ
ts of the Higgs bo-son 
andidate, while for the tt̄ ba
kground this 
omponent is negligible. The origin of thise�e
t may not be motivated by a real di�erent physi
al behaviour, but 
ould be 
aused bythe di�erent Monte Carlo model used to generate the Wt and tt̄ events, whi
h are produ
ed,respe
tively, with the the A
erMC and HerwigMonte Carlo generators, the �rst relying onthe parton shower and hadronisation model as implemented in Pythia. The di�erent showerand hadronisation models implemented in Herwig and Pythia 
ould provide subtle di�er-en
es in the way gluon splitting and jet shapes are modelled and eventually explain a higherrate of b-b jet 
ombinations entering the Higgs boson sele
tion. This will be 
ross-
he
ked inthe future by regenerating the Wt ba
kground interfa
ing A
erMC with the Herwig MonteCarlo generator. For the moment, sin
e there is no striking reason for the Wt and tt̄ ba
k-grounds to behave di�erently in this respe
t, it is reasonable to temporarily assume that thedisagreement in the b-b jet 
omponent is due to this Monte Carlo dependen
e and will notappear in nature. Fig. 8.24 shows also a 
omparison of the η distributions of Wt in the signalregion and tt̄ in the 
ontrol sample: there is some di�eren
e in the tails, but the distributionsare still reasonably 
ompatible.The PDFs for the Wt ba
kground involving the 
onditional dependen
e of the Higgs boson
andidate mass on pT (Higgs) and the b-weight are therefore derived as in the 
ase of the
tt̄ ba
kground, by just 
onstraining their parameters to be identi
al to the 
orrespondingparameters of the same PDFs de�ned for the tt̄ 
ontrol sample. At the same time no strategyhas been found yet to get the pT (additional jet) distribution for the Wt ba
kground from data,sin
e the method developed for the tt̄ ba
kground does not apply to the Wt ba
kground.8.3.5 Control samples for the W+jet ba
kgroundDe�ning a 
ontrol sample for the W+jet ba
kground seems to be a very di�
ult task, sin
ethe irredu
ible W+2 b-jets 
omponent whi
h is dominating this ba
kground is 
onsiderably
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Figure 8.21: Distributions of the �ltered mass for the Wt ba
kground for various pT (Higgs) intervals,as obtained from the signal region, 
ompared to the same distribution obtained in the tt̄ 
ontrol sample.In addition the in
lusive distribution is shown on the bottom, before and after the pT (Higgs) dependent
orre
tion. The distributions are normalized to an area of one.
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Figure 8.22: Distributions of the �ltered mass for the Wt ba
kground for various pT (Higgs) intervals, asobtained from the signal region, 
ompared to the same distribution obtained in the tt̄ 
ontrol sample, sele
tingin both 
ases the b-c jet 
omponent through the use of truth level information. In addition the in
lusivedistribution is shown on the bottom, before and after the pT (Higgs) dependent 
orre
tion. The distributionsare normalized to an area of one.
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Figure 8.23: Distributions of the �ltered mass for the Wt ba
kground for various pT (Higgs) intervals, asobtained from the signal region, 
ompared to the same distribution obtained in the tt̄ 
ontrol sample, sele
tingin both 
ases the b-light jet 
omponent through the use of truth level information. In addition the in
lusivedistribution is shown on the bottom, before and after the pT (Higgs) dependent 
orre
tion. The distributionsare normalized to an area of one.
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Figure 8.24: Pseudo-rapidity distribution of the Higgs to bb̄ 
andidate in the Wt ba
kground, on the leftfor the full sele
tion, on the right after sele
ting only the b-c quark pair 
omponent and on the bottomafter sele
ting only the b-light quark pair 
omponent using truth level information, 
ompared to the samedistributions as obtained from the tt̄ 
ontrol sample. The distributions are normalized to an area of one.
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Figure 8.25: b-weight distribution for the Higgs to bb̄ 
andidate in the Wt ba
kground, on the left for thefull sele
tion, on the right after sele
ting only the b-c quark pair 
omponent and on the bottom after sele
tingonly the b-light quark pair 
omponent using truth level information, 
ompared to the same distributions asobtained from the tt̄ 
ontrol sample. The distributions are normalized to an area of one.
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ertaintiesdi�erent from the W+2 light-jets 
omponent, whi
h 
ould in prin
iple be obtained from databy reverting the b-tagging requirements on the two Higgs subjets and separating the eventssele
ted in this way from the tt̄ ba
kground in this region of phase spa
e by the use of aseparate dedi
ated maximum likelihood �t. No su
h a 
ontrol sample is thus de�ned inthis study. Getting more 
ontrol over this ba
kground 
ontribution and on the un
ertainties
onne
ted with the estimation of the PDFs by using purely Monte Carlo information willneed to rely in the future both on more detailed theoreti
al studies and on data versus MonteCarlo 
ross-
he
ks in regions of the phase spa
e where the signal 
ontribution is expe
ted tobe negligible.



8.4 Fit validation on mixed Monte Carlo sample 2438.4 Fit validation on mixed Monte Carlo sampleThe main aim of the �t is to extra
t the number of signal and overall ba
kground events,in order to de�ne a statisti
al hypothesis test about the eventual presen
e of a Higgs bosonsignal. However, the extra
tion of the number of events of the single di�erent ba
kground
ontributions is 
ru
ial to make the �t insensitive to any assumption about the expe
tednumber of events for the single di�erent ba
kground 
ontributions. The distributions of thedis
riminating variables of the signal and single ba
kgrounds are su�
iently di�erent, so thatthe �t turns out to be able to extra
t separately the single yields for all these 
ontributions:
WH, WZ, tt̄, Wt and W +jet. As an ex
eption, the Wt and tt̄ ba
kgrounds have very similarshapes for nearly all dis
riminating variables (the mass and b-weight PDFs are even assumedto be identi
al in the �t). In this 
ase, in order to obtain a 
lear maximum of the likelihoodfun
tion in the spa
e of the yield parameters and to stabilise the �t, a Gaussian 
onstraint isapplied on their relative expe
ted number of events:

Rtop =
N̂Wt

N̂Wt + N̂tt̄

= (22.2 ± 2.5)%, (8.17)where N̂Wt and N̂tt̄ are the yields as determined from Monte Carlo. This is a
hieved byadding an additional term to the log likelihood fun
tion de�ned in Eq. 8.16:
log(LTOT ) = log(LCS) + log(LSR) + log(L

(
NWt

NWt + Ntt̄

)
), (8.18)where the last term 
ontains the Gaussian 
onstraint:

L

(
NWt

NWt + Ntt̄

)
= exp



−

(
NWt

NWt+Ntt̄
− Rtop

)2

2σ2
Rtop



 . (8.19)The un
ertainty σRtop used for the ratio re�e
ts the systemati
 error on the expe
ted fra
tionsof Wt and tt̄ events, in
luding both experimental and theoreti
al un
ertainties. The latterin
lude parton density fun
tion un
ertainties and the e�e
t of QCD renormalisation andfa
torisation s
ale variations as derived from the NLO 
al
ulation of these pro
esses.The test statisti
s, whi
h is used as an estimator of how likely a signal 
ontribution ispresent in the data sample on whi
h the �t is applied, is based on the pro�le likelihood ratiode�ned as:
PLR =

L(N̂sig, ~̂α)

L(Nsig = 0,
ˆ̂
~α)

, (8.20)whi
h is the value of the likelihood fun
tion after it is maximised in the spa
e of all parameters
~α and yields determined in the �t, in
luding the signal yield, divided by the same likelihoodfun
tion, but in this 
ase maximised with the 
onstraint Nsig = 0. The parameters ~α at thisstage in
lude the ba
kground yields and the parameters of the PDFs whi
h are determined onthe tt̄ 
ontrol sample, 
orresponding to the likelihood term of Eq. 8.15, while the parametersof the remaining PDFs (in
luding all PDFs for the signal and Wbb̄ ba
kground) are left �xedto the values determined on Monte Carlo: their variation will be 
onsidered in Se
tion 8.6 toestimate the systemati
 un
ertainty 
onne
ted with shape variations of these PDFs.As a �rst step, the �t is validated dire
tly on the available Monte Carlo samples. All eventspassing the analysis sele
tion in all Monte Carlo signal and ba
kground samples, in
luding
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 un
ertaintiesthe tt̄ 
ontrol sample, are merged into a single mixed data sample, with their respe
tive
ontribution re-weighted a

ording to the number of events expe
ted in 30 fb−1 of 
olle
teddata. Four di�erent data sample are de�ned: with no Higgs 
ontribution and with the additionof signal events 
orresponding to three di�erent values of the Higgs boson mass: 115, 120 and130 GeV. Three likelihood �ts are performed, with the PDFs for the signal 
orresponding tothe hypotheses of Higgs boson masses of 115, 120 and 130 GeV and by applying the �t onthe data samples with the signal of 
orresponding mass. The three likelihood �ts are thenrepeated on the data samples with no signal 
ontribution.There are two main advantages in this validation pro
edure with respe
t to using pseudo-experiments based on the shapes of the PDFs previously determined on the Monte Carlosamples, as will be done in a later step:
• It is not assumed that the distributions of the dis
riminating variables used in the �tare 
orre
tly parametrised in the likelihood fun
tion.
• It is not assumed that all dis
riminating variables, ex
ept for the dependen
e of the Higgsboson 
andidate mass from the Higgs boson transverse momentum, are un
orrelated.As a drawba
k, due to the limited statisti
s of the Monte Carlo sample, only a single �t 
anbe performed, so it is not possible to study in detail the statisti
al properties of the �t, whi
hrequire a large ensemble of experiments.The results for the three mass points of 115, 120 and 130 GeV are shown in Tables 8.8-8.10,respe
tively. The number of signal events is 
onstrained to have non-negative values. If notspe
i�ed the errors on the �tted parameters are 
omputed using HESSE, whi
h uses the se
ondorder expansion of the likelihood fun
tion around the found minimum; as an ex
eption, forthe signal yield MINOS is used, whi
h 
omputes the errors by doing a s
an of the likelihoodfun
tion over Nsig, maximising the likelihood fun
tion for every tested value of Nsig in thespa
e of all other �t parameters, and provides in addition asymmetri
 errors.Even if the �t is applied on weighted events, sin
e an unbinned maximum likelihood �tis used, the �t errors do not re�e
t the statisti
s available in the Monte Carlo samples, butthe statisti
s of the samples after res
aling. The errors therefore give a good indi
ationof the average un
ertainties expe
ted when applying the �t after 
olle
ting an amount ofdata 
orresponding to an integrated luminosity of 30 fb−1. Due to the use of the res
alingpro
edure, the number of signal and ba
kground events present in the samples is �xed atexa
tly the mean Poisson expe
tation value: if the �t works 
orre
tly, the yields providedby the �t should therefore be very 
lose to their expe
tation values in Monte Carlo. This is,indeed, the 
ase. In addition, the �t, in all mass hypotheses 
onsidered, 
orre
tly re
ognisesthe absen
e of any signal 
ontribution.Yield Monte Carlo Result without signal Result with signal

Nsig 46 0+9
−0 45+17

−16

NWZ 54 61 ± 18 61 ± 18
Ntt̄ 573 565 ± 29 565 ± 29
NWt 156 158 ± 18 158 ± 18

NW+jet 263 260 ± 26 262 ± 26
Ntt̄,CS 1005 1005± 31 1005 ± 31Table 8.8: Results (expe
ted / �tted event numbers) of a �t on the mixed Monte Carlo sample with andwithout signal, for mH = 120 GeV.



8.4 Fit validation on mixed Monte Carlo sample 245Yield Monte Carlo Result without signal Result with signal
Nsig 55 0+12

−0 56+18
−17

NWZ 54 61 ± 16 60 ± 18
Ntt̄ 573 565 ± 29 565 ± 31
NWt 156 158 ± 19 158 ± 19

NW+jet 263 260 ± 22 261 ± 26
Ntt̄,CS 1005 1005± 31 1005 ± 31Table 8.9: Results (expe
ted / �tted event numbers) of a �t on the mixed Monte Carlo sample with andwithout signal, for mH = 115 GeV.Yield Monte Carlo Result without signal Result with signal
Nsig 33 0+12

−0 27+16
−14

NWZ 54 61 ± 16 61 ± 16
Ntt̄ 573 565 ± 29 568 ± 31
NWt 156 158 ± 19 159 ± 20

NW+jet 263 260 ± 22 263 ± 23
Ntt̄,CS 1005 1005± 31 1005 ± 31Table 8.10: Results (expe
ted / �tted event numbers) of a �t on the mixed Monte Carlo sample with andwithout signal, for mH = 130 GeV.The result of the �t on the mixed Monte Carlo samples 
an be more easily visualised byproje
ting the maximised likelihood fun
tion with the parameters �xed a

ording to the �tresult onto the single �t variables, as shown in Figs. 8.26, 8.27 and 8.28 for mH = 120, 115and 130 GeV. The WH signal, WZ, W+jet, tt̄ and Wt likelihood 
omponents are alsoshown separately in a 
umulative way: their normalisation re�e
ts the yields of the likelihoodfun
tion as determined during the �t. Together with the proje
tions of the likelihood model,the distributions of the dis
riminating variables in the mixed Monte Carlo sample are shown,whi
h in the absen
e of real data represent the data points.Sin
e the likelihood �t relies on more than one variable, it is not possible to dedu
e thereal separation power between signal and ba
kground provided by the likelihood fun
tion by
onsidering a single variable at a time. Therefore it is useful to look at the same variables,but taking �rst into a

ount the dis
rimination power provided by the remaining variables; away to a

omplish this s
ope is to apply a 
ut on the likelihood ratio, de�ned as:

LR =
Loth

sig

Loth
sig + Loth

bkg

, (8.21)where Loth is de�ned as the likelihood fun
tion in whi
h the dependen
e on the variable toplot has been integrated out. The likelihood fun
tion is de�ned in this 
ase on an event basis,by removing from Eq. 8.2 the extended Poisson term and keeping only the term in the sum
orresponding to the single event on whi
h the likelihood fun
tion is 
omputed.The proje
tion of the likelihood model obtained in this way 
an then again be 
omparedwith the distribution of the data points in the Monte Carlo mixed sample. The result is shownin Figs. 8.29, 8.30 and 8.31 for mH = 120, 115 and 130 GeV. The signal-to-ba
kground ratiois signi�
antly enhan
ed with respe
t to the in
lusive plots shown in Figs. 8.26-8.28. Thelikelihood ratio 
ut has been 
hosen as a 
ompromise between signal-to-ba
kground ratio andamount of events remaining in the mixed Monte Carlo sample after the 
ut is applied.
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Figure 8.26: Proje
tion of the multi-dimensional likelihood fun
tion on the single �t variables. The experi-mental points 
orresponding to the mixed Monte Carlo sample with mH = 120 GeV are superimposed. Thesingle �t 
omponents, s
aled to the number of events as determined in the �t itself, are shown with di�erent
olours. An integrated luminosity of 30 fb−1 has been assumed.
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Figure 8.27: Proje
tion of the multi-dimensional likelihood fun
tion on the single �t variables. The experi-mental points 
orresponding to the mixed Monte Carlo sample with mH = 115 GeV are superimposed. Thesingle �t 
omponents, s
aled to the number of events as determined in the �t itself, are shown with di�erent
olours. An integrated luminosity of 30 fb−1 has been assumed.
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Figure 8.28: Proje
tion of the multi-dimensional likelihood fun
tion on the single �t variables. The experi-mental points 
orresponding to the mixed Monte Carlo sample with mH = 130 GeV are superimposed. Thesingle �t 
omponents, s
aled to the number of events as determined in the �t itself, are shown with di�erent
olours. An integrated luminosity of 30 fb−1 has been assumed.
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Figure 8.29: Proje
tion of the multi-dimensional likelihood fun
tion on the single �t variables, after alikelihood ratio 
ut on the remaining variables at 10 (15) %. The experimental points 
orresponding to themixed Monte Carlo sample with mH = 120 GeV are superimposed. An integrated luminosity of 30 fb−1 hasbeen assumed.
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Figure 8.30: Proje
tion of the multi-dimensional likelihood fun
tion on the single �t variables, after alikelihood ratio 
ut on the remaining variables at 8 (15) %. The experimental points 
orresponding to themixed Monte Carlo sample with mH = 115 GeV are superimposed. An integrated luminosity of 30 fb−1 hasbeen assumed.
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Figure 8.31: Proje
tion of the multi-dimensional likelihood fun
tion on the single �t variables, after alikelihood ratio 
ut on the remaining variables at 6 %. The experimental points 
orresponding to the mixedMonte Carlo sample with mH = 130 GeV are superimposed. An integrated luminosity of 30 fb−1 has beenassumed.
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ertainties8.5 Fit validation and dis
overy potential using Monte Carlopseudo-experiments8.5.1 Fit validationIn order to estimate the median dis
overy potential of the likelihood �t based analysis, a largeset of pseudo-experiments was performed. The yields and the shapes of the PDFs enteringthe likelihood fun
tion, as previously estimated from the Monte Carlo samples, are assumedto provide a good approximation to the expe
ted number of events and to the underlyingdistributions if an in�nite amount of Monte Carlo statisti
s would be available. The numberof signal and ba
kground events in the Monte Carlo pseudo-experiments is generated a

ordingto a Poisson distribution around the expe
tation values, while the PDFs are sampled by usingthe hit and miss Monte Carlo method, ex
ept for the PDFs represented by step and Gaussfun
tions, where the sampling relies dire
tly on the expli
it expression for the 
umulativefun
tion.The two generation steps are slightly modi�ed to a

ount for two pe
uliar features of thelikelihood fun
tion used in this analysis:
• The expe
tation values for the Wt and tt̄ ba
kgrounds for ea
h pseudo-experiment aresmeared �rst by a Gaussian un
ertainty of 3 and 12%, respe
tively, a

ording to theexpe
ted systemati
 un
ertainty on their ratio.
• The 
onditional dependen
e of the Higgs mass PDF on pT (Higgs) 
an be handled ex-pli
itly during generation, to avoid the need of sampling from a two-dimensional, nonanalyti
ally integrable, PDF7. This problem 
an be solved by �rst generating the valuesfor the pT (Higgs) variable, by randomly sampling them from their related PDF, andthen, in a se
ond step, by generating the values for all remaining variables, repla
ingthe the value of pT (Higgs) in the Higgs mass PDF with the a
tual value of pT (Higgs).A �rst validation is performed by evaluating whether the �t 
an 
orre
tly reprodu
e, on astatisti
al basis, the expe
ted number of events for the signal and for the single ba
kground
ontributions. Due to the presen
e of the extended term in the likelihood fun
tion, the �tprovides dire
tly an estimation of the expe
ted number of events and in
ludes the error orig-inating from the asso
iated Poisson �u
tuations. This 
an be analysed by looking at thedeviation of the �tted yield from the Poisson expe
tation value, divided by the estimated �terror (de�ned as pull distribution), separately for the various signal and ba
kground 
ompo-nents. The result of this validation is presented in Figs. 8.32-8.37, separately for the three
onsidered mass points. Together with the pull distribution for all signal and ba
kground
omponents, also the distribution of �tted number of events is shown.The likelihood �t behaves 
orre
tly for all three mass points: most of the pulls are welldes
ribed by a Gauss fun
tion with mean 0 and width 1. Some ex
eptions 
an be seen for the

WZ and signal 
omponents, in parti
ular for example for the signal at mH = 130 GeV. Thisis expe
ted, be
ause for these 
omponents the values for the yield is very low and the Poissonnature of the statisti
al �u
tuations would require the 
omputation of asymmetri
 errors inthe �t by dropping the hessian approximation for the error estimation; this, however, does nota�e
t the distribution of the test statisti
s, whi
h is only based on the value of the likelihoodfun
tion in the maximum. Also the tt̄ and Wt ba
kgrounds show a slightly non-Gaussianbehaviour in their pulls: this e�e
t is mainly due to the Gaussian 
onstraint applied on the7The analyti
al integration of the Higgs mass PDF has been expli
itly 
arried out only over the mass variable.
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tation values8. In addition, the W+jet ba
kground seems to have a smallnegative bias in the yield determined in the �t, but sin
e this has no signi�
ant in�uen
e onthe other signal or ba
kground 
omponents, this e�e
t is 
onsidered as negligible.8.5.2 Dis
overy potentialIn order to 
omplete the de�nition of the statisti
al hypothesis test, the distribution expe
tedfor the test statisti
s (the pro�le likelihood ratio, PLR, de�ned in Eq. 8.20) needs to bedetermined on a large set of pseudo-experiments with no signal 
ontribution. By integratingthe ba
kground only distribution of the PLR, it is in prin
iple possible to 
al
ulate the p-value 
orresponding to a 
ertain pro�le likelihood ratio value, i.e. the probability that, inthe absen
e of a signal, the �t provides a value of the pro�le likelihood ratio equal or abovethe 
hosen value. However this would require to run more than 107 experiments to 
over theregion up to 5 σ signi�
an
e, whi
h is unpra
ti
al. Instead, some sort of extrapolation to highvalues of the PLR is needed. Sin
e in the Gaussian 
ase, the distribution for 2 · log(PLR) isexpe
ted to follow a χ2 distribution with one degree of freedom, a

ording to the pres
riptionsadopted in Ref. [44℄, the following fun
tion is used:
f(x = 2 · log(PLR)) = c1 · δ(x) + (1 − c1) · fχ2(x), (8.22)determining the value for c1 dire
tly on the distribution obtained from ba
kground only MonteCarlo pseudo-experiments. By integrating over this fun
tion, it is then possible to estimatethe p-values as a fun
tion of the PLR. The p-values 
an be translated into values of Gaussiansigni�
an
es by using the following simple transformation:

significance =
√

2Φ−1(2 · p value), (8.23)where
Φ(x) =

2√
π

∫ +∞

x
e−t2dt. (8.24)On
e the statisti
al hypothesis test is de�ned, the likelihood �t 
an be performed on realdata and will provide a single value of the PLR. The statisti
al signi�
an
e related to thepresen
e of a Higgs boson signal with a mass of 115, 120 or 130 GeV is then provided bythe p-value 
orresponding to that value of PLR, as determined from the ba
kground onlyexperiments. In the absen
e of real data, in order to obtain an estimate of the medianstatisti
al signi�
an
e and therefore of the dis
overy potential of a Standard Model Higgsboson in this 
hannel, a set of pseudo-experiments 
ontaining both signal and ba
kground isrun and the distribution of the PLR in the presen
e of a signal is obtained. This distribution
an be dire
tly translated into the 
orresponding distribution of p-values and, therefore, intothe distribution of dis
overy signi�
an
es, from whi
h the median dis
overy sensitivity andthe 68% (1σ) and 95% 
on�den
e level (2σ) intervals 
an be estimated. It is worth noti
ingthat, while the distribution of p-values is not sensitive to any assumption about the signal
ross se
tion and a

eptan
e, the median expe
ted statisti
al signi�
an
e obviously is.Both the distributions for the pro�le likelihood ratio for ba
kground only and signal plusba
kground experiments (expressed in the plots as 2 · log(PLR) for 
onvenien
e) are shownin Fig. 8.38 for a Higgs boson mass of 120 GeV, together with the expe
ted distribution ofsignal signi�
an
es for 30 fb−1 of integrated luminosity. The same is shown also for the other8A Gaussian 
onstraint applied on a ratio of the form A/(A + B) is 
learly non-Gaussian with respe
t toboth A and B.
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Figure 8.32: Fit validation for mH = 120 GeV (I/II): the value for the single yields as determined on theMonte Carlo pseudo-experiments is shown, together with the pull with respe
t to their expe
tation value.
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Figure 8.33: Fit validation for mH = 120 GeV (II/II): the value for the single yields as determined on theMonte Carlo pseudo-experiments is shown, together with the pull with respe
t to their expe
tation value.
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Figure 8.34: Fit validation for mH = 115 GeV (I/II): the value for the single yields as determined on theMonte Carlo pseudo-experiments is shown, together with the pull with respe
t to their expe
tation value.
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Figure 8.35: Fit validation for mH = 115 GeV (II/II): the value for the single yields as determined on theMonte Carlo pseudo-experiments is shown, together with the pull with respe
t to their expe
tation value.
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Figure 8.36: Fit validation for mH = 130 GeV: the value for the single yields as determined on the MonteCarlo pseudo-experiments is shown, together with the pull with respe
t to their expe
tation value.
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Figure 8.37: Fit validation for mH = 130 GeV: the value for the single yields as determined on the MonteCarlo pseudo-experiments is shown, together with the pull with respe
t to their expe
tation value.
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ertaintiesmass points in Figs. 8.39 and 8.40. The 
ompatibility of the distribution of the PLR withthe fun
tional form assumed in Eq. 8.22 is 
ross-
he
ked with a simple χ2 test (reported inthe plots) and found to be fairly good for all three mass points.
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Figure 8.38: (Left) Distribution of 2 · log(PLR) for the ba
kground only and signal plus ba
kground pseudo-experiments 
orresponding to mH =120 GeV. The �t for the ba
kground only distribution is also shown.(Right) Expe
ted distribution of signi�
an
es as a result of the Monte Carlo pseudo-experiments for mH =120GeV, with verti
al lines 
orresponding to a 
on�den
e interval of 69% and 95% (1 and 2σ bands).
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Figure 8.39: (Left) Distribution of 2 · log(PLR) for the ba
kground only and signal plus ba
kground pseudo-experiments 
orresponding to mH =115 GeV. The �t for the ba
kground only distribution is also shown.(Right) Expe
ted distribution of signi�
an
es as a result of the Monte Carlo pseudo-experiments for mH =115GeV, with verti
al lines 
orresponding to a 
on�den
e interval of 69% and 95% (1 and 2σ bands).As a result, without 
onsidering the remaining systemati
 un
ertainties whi
h will be eval-uated in the next se
tion, it 
an be seen, that, at least for Higgs boson masses of 115 and120 GeV, a median dis
overy sensitivity above 3σ 
an be obtained with 30 fb−1 of integrated
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Figure 8.40: (Left) Distribution of 2 · log(PLR) for the ba
kground only and signal plus ba
kground pseudo-experiments 
orresponding to mH =130 GeV. The �t for the ba
kground only distribution is also shown.(Right) Expe
ted distribution of signi�
an
es as a result of the Monte Carlo pseudo-experiments for mH =130GeV, with verti
al lines 
orresponding to a 
on�den
e interval of 69% and 95% (1 and 2σ bands).luminosity. At the same time, sin
e the number of signal events, in the region of phase spa
ewhere the signal purity is high, is small, the values of signi�
an
es are signi�
antly spreadaround their median values. This is more 
learly shown in Fig. 8.41, whi
h represents thedis
overy sensitivity, with 
orresponding 1 and 2σ bands, as a fun
tion of the Higgs bosonmass.8.6 Introdu
tion of experimental systemati
 un
ertaintiesBefore introdu
ing the methods used to evaluate the impa
t of systemati
 un
ertainties onthe analysis and before taking them into a

ount in the likelihood �t itself, the sour
es ofsystemati
 un
ertainties 
onsidered for this study need to be de�ned.As a �rst step, the performan
e of the dete
tor in the Monte Carlo simulation is arti�
iallyredu
ed, in order to take the e�e
t of the expe
ted residual misalignment on b-tagging intoa

ount and to 
orre
t for di�eren
es between the ATLFAST-II and full simulation. Themotivation for the single steps is given below:
• The b-tagging light-jet reje
tion is redu
ed by relative 30%, a

ording to the de
reasein b-tagging performan
e expe
ted due to the e�e
t of residual misalignment after arealisti
 alignment pro
edure has been 
arried out [44℄.
• The trigger e�
ien
y is a

ounted for, as studied on the WH sample using a sample offully simulated Monte Carlo events in Se
tion 7.6 (providing an e�
ien
y drop of 0.7%for events with Emiss

T < 250 GeV).
• The ele
tron re
onstru
tion e�
ien
y is redu
ed by 3%, to a

ount for the di�erent ele
-tron re
onstru
tion e�
ien
y in full simulation and in AtlFast-II, dis
arding randomlyele
tron 
andidates (a

ording to Se
tion C.4.1).
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Figure 8.41: Dis
overy sensitivity as a fun
tion of the Higgs boson mass, for an integrated luminosity of30 fb−1. The e�e
t of the systemati
 degradation of the dete
tor performan
e due to the residual misalign-ment of the tra
king dete
tor, of di�eren
es between the fast and full dete
tor simulation and of systemati
deformations of the PDFs are not in
luded here.
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• The ele
tron transverse momenta are 
orre
ted by s
aling them up by 1.5%, again
orre
ting AtlFast-II to full simulation (a

ording to Se
tion C.4.1).
• The signal e�
ien
y is redu
ed by 5%, a

ounting for the di�eren
e in the H → bb̄hadroni
 re
onstru
tion e�
ien
y between full simulation and AtlFast-II, as analysed inSe
tion C.4.2. Most probably the same de
rease in e�
ien
y will a�e
t the ba
kgroundsas well, but, before a more detailed full simulation study of the ba
kgrounds will beavailable, a 
onservative assumption is made here and only the signal e�
ien
y is s
aleddown.These 
orre
tions are applied dire
tly on the re
onstru
ted Monte Carlo events and physi
sobje
ts (jets, leptons, Emiss

T , ...) before the analysis sele
tion pro
edure is started. Forarti�
ially de
reasing the b-tagging light-jet reje
tion, instead of relying on a random in
reaseof the amount of light-jets or c-jets, whi
h would be un
orrelated with the b-weight values, adeformation of the b-weight variables is applied on the truth labelled light and c-jets. Thisis performed in su
h a way to indu
e a �xed relative 
hange in the b-tagging reje
tion valuesindependently on the a
tual value of the b-weight 
ut 
hosen, in the range of all b-weight
ut values whi
h are of interest for the analysis (
orresponding to a b-tagging e�
ien
y fromaround 20 to 90%). The same pro
edure is applied later for arti�
ially redu
ing the b-tagginge�
ien
y, but in this 
ase only jets truth labelled as b-jets are a�e
ted and a �xed relative
hange in the b-tagging e�
ien
y is indu
ed, instead of a 
hange in the b-tagging reje
tionrate. This pro
edure is su�
iently realisti
, but it 
learly 
annot substitute a more detailedstudy on the in�uen
e of systemati
 un
ertainties on the kinemati
 variables used as input tothe b-tagging algorithms and therefore on the b-weight distribution.While the data samples of the original Monte Carlo samples (used for the analysis sele
tionintrodu
ed in Se
tion 8.2) are referred as perfe
t in the following, the data samples where theabove mentioned systemati
 degradations of the dete
tor performan
e have been applied arede�ned as nominal.An eventual in�uen
e of the trigger a

eptan
e on the shapes of the PDFs of the dis
rim-inating variables in the ba
kground samples was not 
onsidered. In general, given the veryhigh pT 
ut adopted in the analysis sele
tion on the Higgs boson 
andidate (pT > 200 GeV),this 
orre
tion should be very small and this is 
on�rmed by the trigger simulation on thesignal sample, where the trigger e�
ien
y is found to be very high (99.6%) and the in�uen
eon it on the shape of the PDFs for the dis
riminating variables is found to be negligible.However this needs to be 
he
ked also on all ba
kground samples, as soon as Monte Carlosamples with information about the trigger simulation will be available.Applying the loose analysis sele
tion on top of the nominal samples one obtains the analysissele
tion given in Table 8.11, for the signal and the main ba
kgrounds, and in Table 8.12, forthe remaining (minor) ba
kgrounds. It 
an be 
learly seen that the signal e�
ien
y is redu
ed,so that the expe
ted signal yield is de
reased by ≈ 8.5% for mH = 120 GeV, mainly due tothe applied AtlFast-II to full simulation 
orre
tion fa
tor, and the ba
kground e�
ien
y issigni�
antly in
reased, mainly due to the de
rease of the b-tagging performan
e due to residualmisalignment (e.g. the tt̄ ba
kground is in
reased by ≈ 15%, while the W+jet ba
kground isin
reased by ≈ 25%).The shapes for the PDFs to be fed into the likelihood fun
tion are determined again onthe nominal samples, a

ording to the pro
edure already introdu
ed in Se
tion 8.2.2. Thedi�eren
es with respe
t to the perfe
t 
ase was already shown in Figs. 8.3-8.7. The di�eren
esin shape of the new PDFs with respe
t to the old ones is very small (ex
ept for the b-weightdistribution): therefore the main impa
t on the dis
overy signi�
an
e is expe
ted to 
omefrom the new expe
tation values for the signal and ba
kground yields.
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ertaintiesWH(115) WH(120) WH(130) WZ tt̄(pmin

T
) Wt W+jetsAfter �lter 
uts 964.4 ± 5.9 860.5 ± 6.4 656.5 ± 4.1 3950 ± 26 1233769 93868 5841971 Higgs 
andidate 646.2 ± 2.8 570.3 ± 3.0 429.6 ± 1.9 3509.0 ± 8.1 806163 69377 562041�ltered pT > 200 GeV 581.9 ± 2.9 513.1 ± 3.2 387.8 ± 2.0 3108 ± 11 709372 60256 413412Missing ET > 30 GeV 414.0 ± 2.9 362.6 ± 3.2 273.7 ± 2.0 2184 ± 13 552408 46779 318415

pT (W ) > 200 GeV 193.5 ± 2.4 169.7 ± 2.6 127.3 ± 1.6 1214 ± 12 137623 18434 205248
pT (e/µ)>30 GeV 164.9 ± 2.2 144.0 ± 2.4 107.1 ± 1.5 991 ± 11 114485 15610 176480

pT (additional µ)<10 GeV 163.9 ± 2.2 143.0 ± 2.4 106.4 ± 1.5 937 ± 11 106292 14880 176019
pT (additional e)<10 GeV 161.5 ± 2.2 141.2 ± 2.4 104.8 ± 1.5 879 ± 11 97021 13799 173452

∆φ(W ,H)< 2

3
π 160.5 ± 2.2 140.6 ± 2.4 103.9 ± 1.5 835 ± 11 84633 12922 166273no additional b-jets pT >15 GeV 149.4 ± 2.2 128.9 ± 2.3 94.1 ± 1.4 784 ± 10 30341 7713 ± 46 159002jets on W side pT <60 GeV 132.1 ± 2.0 114.2 ± 2.2 82.6 ± 1.3 633.1 ± 9.5 19237 5797 ± 41 120145jets on H side pT <60 GeV 118.8 ± 2.0 101.3 ± 2.1 74.3 ± 1.3 522.0 ± 8.7 13750 4328 ± 35 93105one subjet b-tagged 107.5 ± 1.9 90.0 ± 2.0 66.2 ± 1.2 133.2 ± 4.7 8733 2442 ± 27 8538both subjets b-tagged 53.4 ± 1.4 43.8 ± 1.4 32.01 ± 0.88 44.6 ± 2.7 660 ± 20 180.5 ± 7.4 332 ± 17loose �t 
uts 53.2 ± 1.4 43.7 ± 1.4 31.91 ± 0.88 43.9 ± 2.7 645 ± 20 174.8 ± 7.3 322 ± 17Table 8.11: Number of expe
ted events passing through the analysis sele
tion pro
edure as applied to thenominal samples for the signal and the main ba
kgrounds, proje
ted to 30 fb−1 of 
olle
ted data. LO MonteCarlo 
ross se
tions are used. For the signal, the degradation of 5% in e�
ien
y due to the AtlFast-II to fullsimulation 
orre
tion fa
tor is not 
onsidered in this table.ZH(120) WW ZZ tt̄(pmax

T ) Z+jetsAfter �lter 
uts 440.4 ± 2.9 8649 ± 33 4094 ± 21 1807654 2777061 Higgs 
andidate 295.9 ± 1.3 8427.5 ± 5.3 3372.3 ± 8.2 160098 225579�ltered pT > 200 GeV 267.9 ± 1.4 7356 ± 12 2995.1 ± 9.5 103095 175078Missing ET > 30 GeV 141.8 ± 1.3 6217 ± 15 1415 ± 10 75074 62882
pT (W ) > 200 GeV 33.86 ± 0.76 4145 ± 17 460.1 ± 6.8 3327 13511
pT (e/µ)>30 GeV 8.95 ± 0.40 3433 ± 16 264.7 ± 5.3 2905 10133

pT (additional µ)<10 GeV 5.59 ± 0.32 3411 ± 16 177.6 ± 4.4 2524 7167
pT (additional e)<10 GeV 3.57 ± 0.26 3332 ± 16 122.7 ± 3.6 2063 4788

∆φ(W ,H)< 2
3
π 3.45 ± 0.25 3231 ± 16 112.7 ± 3.5 1667 4100no additional b-jets pT >15 GeV 3.06 ± 0.24 3099 ± 16 102.8 ± 3.3 500 ± 28 3763jets on W side pT <60 GeV 2.32 ± 0.21 2500 ± 15 82.2 ± 3.0 326 ± 22 2754 ± 46jets on H side pT <60 GeV 2.13 ± 0.20 2069 ± 14 68.1 ± 2.7 236 ± 19 2154 ± 41one subjet b-tagged 1.94 ± 0.19 331.3 ± 6.4 17.6 ± 1.4 142 ± 15 248 ± 14both subjets b-tagged 0.94 ± 0.13 8.5 ± 1.0 5.37 ± 0.77 9.1 ± 3.7 13.3 ± 3.2loose �t 
uts 0.94 ± 0.13 8.5 ± 1.0 5.37 ± 0.77 9.1 ± 3.7 13.3 ± 3.2Table 8.12: Number of expe
ted events passing through the analysis sele
tion pro
edure as applied to thenominal samples for the remaining ba
kgrounds, proje
ted to 30 fb−1 of 
olle
ted data. LO Monte Carlo 
rossse
tions are used.The dis
overy potential is re-evaluated for the nominal 
ase, to obtain a referen
e beforeintrodu
ing the e�e
ts of systemati
 deformations of the PDFs. The result of running a
omplete set of new pseudo-experiments is shown in Figs. 8.42-8.44. The updated dis
overysensitivity plot as a fun
tion of the Higgs boson mass is shown in Fig. 8.45.Using as a referen
e the event sele
tion as applied on the nominal samples, a variety ofsystemati
 un
ertainties are 
onsidered on top, following the pres
riptions adopted for themost re
ent ATLAS physi
s analyses [44℄, ex
ept for the 
ase of the ele
tron e�
ien
y, the errorfor whi
h is in�ated by the un
ertainty of the related AtlFast-II / full simulation 
orre
tionfa
tor used in the de�nition of the nominal sample. The single un
ertainties are presentedin more detail in Table 8.13. In 
ase both upwards and downwards �u
tuations for a 
ertainsystemati
 un
ertainty are 
onsidered, a weight of 0.5 is assigned, otherwise the weight is

1. For every systemati
 s
enario 
onsidered, the basi
 re
onstru
ted physi
s obje
ts (jets,leptons, Emiss
T ,...) of the nominal samples are 
orre
ted a

ordingly and the full analysissele
tion is re-applied. The jet s
ale and resolution is assumed to be a�e
ted in the same wayfor both light- and b-jets, sin
e a dedi
ated treatment of the b-jets energy 
alibration is stillbeing developed in ATLAS.
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Figure 8.42: (Left) Distribution of 2 · log(PLR) for the ba
kground only and signal plus ba
kground pseudo-experiments 
orresponding to a mH =120 GeV. (Right) Expe
ted distribution of signi�
an
es as a result ofthe Monte Carlo pseudo-experiments for mH =120 GeV.
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Figure 8.43: (Left) Distribution of 2 · log(PLR) for the ba
kground only and signal plus ba
kground pseudo-experiments 
orresponding to a mH =115 GeV. (Right) Expe
ted distribution of signi�
an
es as a result ofthe Monte Carlo pseudo-experiments for mH =115 GeV.
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Figure 8.44: (Left) Distribution of 2 · log(PLR) for the ba
kground only and signal plus ba
kground pseudo-experiments 
orresponding to a mH =130 GeV. (Right) Expe
ted distribution of signi�
an
es as a result ofthe Monte Carlo pseudo-experiments for mH =130 GeV.Number Systemati
 shift Weight Des
ription1 Jet energy s
ale up 0.5 +3% for |η(jet)| <3.2 and +10% for |η(jet)| >3.22 Jet energy s
ale down 0.5 −3% for |η(jet)| <3.2 and −10% for |η(jet)| >3.23 Jet energy smearing 1 |η| < 3.2: smear by σ(E)=0.45
√

E

|η| > 3.2: smear by σ(E)=0.63
√

E (E in GeV)4 Muon e�
ien
y 1 −1% muon e�
ien
y (randomly dis
ard muons)5 Muon energy smearing 1 smear by σ
“

1
pT

”

= 0.011 1
pT

⊕ 0.00017 (pT in GeV)6 Muon energy s
ale up 0.5 +1% muon energy7 Muon energy s
ale down 0.5 −1% muon energy8 Ele
tron energy smearing 1 smear ET by σ(ET ) = 0.0073 ET9 Ele
tron energy s
ale up 0.5 +0.5% ele
tron energy10 Ele
tron energy s
ale down 0.5 −0.5% ele
tron energy14 Ele
tron e�
ien
y up 0.5 +1.73% ele
tron e�
ien
y11 Ele
tron e�
ien
y down 0.5 −1.73% ele
tron e�
ien
y12 b-tagging e�. down 1 de
rease ǫB by 5 % (deforming b-weight)15 b-tagging rej. up 0.5 +10% light jet reje
tion (deforming b-weight)16 b-tagging rej. down 0.5 −10% light jet reje
tion (deforming b-weight)Table 8.13: List of experimental systemati
 un
ertainties 
onsidered.The e�e
t of the single systemati
s on the yields is shown in Tables 8.14 and 8.15. Thetotal e�e
t, summing up in quadrature the 
ontribution of all systemati
 deviations, is alsoshown. This is mostly for illustration, sin
e the 
orrelations between the di�erent signaland ba
kground 
omponents for every single systemati
 un
ertainty need to be 
onsidered,to avoid overestimating the impa
t of su
h un
ertainties on the sensitivity of the analysis.Although in the following the e�e
ts of these variations on the likelihood �t will be taken intoa

ount, it should be stressed that, sin
e the likelihood �t extra
ts the number of signal and allba
kground events dire
tly from data, these systemati
 deviations are not expe
ted to 
hangethe median signi�
an
e, but will just broaden the distribution of the expe
ted signi�
an
es
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Figure 8.45: Dis
overy sensitivity as a fun
tion of the Higgs boson mass, for an integrated luminosity of30 fb−1, for the nominal s
enario des
ribed in the text. The e�e
t of the systemati
 degradation of the dete
torperforman
e due to the residual misalignment of the tra
king dete
tor and of di�eren
es between the fast andfull dete
tor simulation are in
luded. Further experimental systemati
 un
ertainties leading to systemati
deformations of the PDFs are not in
luded here.



268 8 Fit based approa
h and systemati
 un
ertaintiesaround the same median value.Systemati
 shift WH(115) WH(120) WH(130) WZ tt̄(pmin
T ) Wt W+jetsnominal 50.6 ± 1.3 41.5 ± 1.3 30.3 ± 0.8 43.9 ± 2.7 645.4 ± 20.1 174.8 ± 7.3 321.8 ± 17.2Jet energy s
ale up +3.3 % +4.6 % +3.2 % +5.4 % +4.0 % +8.5 % +10.0 %Jet energy s
ale down −3.6 % −2.8 % −2.8 % −6.2 % −2.2 % −4.0 % −7.4 %Jet resolution −1.4 % −0.2 % +0.4 % −1.5 % +0.9 % +1.6 % −2.3 %

µ e�
ien
y −1.2 % +0.4 % −0.9 % −0.4 % −1.7 % −1.0 % −1.4 %
µ resolution −0.1 % +0.4 % −1.4 % −0.4 % −0.1 % +0.7 % −1.1 %

µ energy s
ale up +0.0 % +0.6 % −1.3 % +0.0 % −0.6 % +1.2 % −0.3 %
µ energy s
ale down −0.6 % +0.2 % +0.6 % −0.4 % −1.4 % −0.5 % −0.6 %

e resolution −0.8 % +0.7 % −0.1 % −0.8 % −1.0 % +1.7 % −0.9 %
e energy s
ale up −0.1 % +0.2 % −0.3 % +0.0 % −0.8 % +1.0 % +0.3 %

e energy s
ale down +0.0 % +0.4 % −0.5 % −1.9 % −0.2 % −0.7 % −0.3 %
e e�
ien
y down −0.9 % −2.1 % −0.6 % +0.4 % −1.4 % −1.6 % −0.3 %
e e�
ien
y up +0.3 % +1.1 % +0.3 % +1.2 % +0.6 % +1.7 % +0.9 %
b-tagging e� −12.3 % −10.4 % −11.1 % −12.3 % −0.8 % −4.9 % −9.7 %

l-reje
tion down −2.0 % −1.4 % −0.2 % +1.5 % +3.5 % +7.8 % +4.6 %
l-reje
tion up +0.6 % +1.1 % +0.6 % +0.0 % −4.1 % −1.9 % −6.6 %Total un
ertainty: ±13.0 % ±11.3 % ±11.7 % ±13.9 % ±5.7 % ±10.6 % ±14.6 %Table 8.14: E�e
t of the single systemati
 un
ertainties on the expe
ted number of events for the signal andthe main ba
kground samples, in terms of per
entage of variation with respe
t to the yields listed in the �rstrow. Systemati
 shift ZH(120) WW ZZ tt̄(pmax

T ) Z+jetsnominal 0.9 ± 0.1 8.5 ± 1.0 5.4 ± 0.8 9.1 ± 3.7 6.2 ± 2.2Jet energy s
ale up +5.9 % +0.0 % +16.7 % +0.0 % −12.5 %Jet energy s
ale down −13.7 % −9.1 % −2.1 % −33.3 % −12.5 %Jet resolution +2.0 % +0.0 % +2.1 % −33.3 % +0.0 %
µ e�
ien
y +13.7 % −1.5 % +2.1 % +0.0 % +0.0 %
µ resolution +5.9 % −1.5 % +6.3 % −16.7 % +12.5 %

µ energy s
ale up +2.0 % +0.0 % +2.1 % +0.0 % +0.0 %
µ energy s
ale down +2.0 % −3.0 % +2.1 % +0.0 % +12.5 %

e resolution −3.9 % −1.5 % +2.1 % +0.0 % +12.5 %
e energy s
ale up +3.9 % −3.0 % +0.0 % +0.0 % +0.0 %

e energy s
ale down −3.9 % −7.6 % +2.1 % +0.0 % +0.0 %
e e�
ien
y down +7.8 % −4.5 % +2.1 % +0.0 % +0.0 %
e e�
ien
y up +3.9 % −1.5 % +0.0 % +0.0 % +0.0 %
b-tagging e� −3.9 % −1.5 % −6.3 % −16.7 % −12.5 %

l-reje
tion down +3.9 % +7.6 % +0.0 % +0.0 % +0.0 %
l-reje
tion up +3.9 % −15.2 % +2.1 % +0.0 % +0.0 %Total un
ertainty: ±21.0 % ±15.6 % ±15.6 % ±47.1 % ±26.5 %Table 8.15: E�e
t of the single systemati
 un
ertainties on the expe
ted number of events for the referen
esignal and the remaining ba
kground samples, in terms of per
entage of variation with respe
t to the yieldslisted in the �rst row.The systemati
 shifts 
onsidered in the various s
enarios will also indu
e a deformation ofthe distributions of the dis
riminating variables whi
h enter the likelihood �t. If these defor-mations are taken into a

ount properly, the statisti
al hypothesis test will remain unbiased,but a de
rease in the dis
overy potential is expe
ted.
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ertainties 2698.7 Modelling of systemati
 un
ertaintiesIn order to take both the systemati
 variations in the expe
ted number of events and in theshapes of the PDFs into a

ount, it is desirable to de�ne a way to model all these e�e
tsanalyti
ally. This should permit:
• to preserve the 
orrelations between deformations of PDFs of di�erent signal or ba
k-ground 
omponents due to a 
ommon systemati
 un
ertainty (e.g. a systemati
 shiftdue to the energy s
ale variation a�e
ts di�erent signal or ba
kground distributions ina very similar and 
orrelated way)
• to preserve the 
orrelations among shape parameters des
ribing the same PDF (e.g. anin
rease of events in the �rst bin of a step fun
tion 
auses usually a de
rease in these
ond bin and so on)
• to preserve all linear 
orrelations between the shape parameters and the yields (e.g. anin
rease in the W+jet ba
kground yield would not a�e
t at all the dis
overy signi�
an
e,if at the same time its mass distribution shows less events in the signal region, andvi
eversa)
• to 
ombine all systemati
 variations in the expe
ted number of events and in the shapesof the PDFs, so that the 
ombined e�e
t of all su
h variations 
an be simultaneouslya

ounted for.The method adopted to a
hieve this s
ope will be introdu
ed here. The following notationis adopted: every single s
enario of Table 8.13 will be referred to with the symbol s (set).Ea
h signal or ba
kground 
omponent is represented by the symbol c (
omponent). So a
ertain sample representing a 
ertain 
omponent c and a 
ertain s
enario s, will be denoted

[c; s]. A maximum likelihood �t is performed on ea
h of these samples, whi
h determines theparameters ~αs
c uniquely de�ning the shapes of the PDFs. In the 
ase also the un
ertainties onthe yields need to be 
onsidered, the yields 
an just be added to the list of these parameters.The parameters of the likelihood fun
tion des
ribing the shapes of the PDFs (and, in 
ase,the yields) su�er from two sour
es of systemati
 un
ertainty: one is of statisti
al nature,whi
h is due to the limited amount of available Monte Carlo statisti
s used to estimate theirexpe
tation values, the se
ond is purely systemati
, and its experimental 
omponent is takeninto a

ount by the s
enarios introdu
ed above.The statisti
al un
ertainty 
onne
ted to the parameters ~αs

c is 
ondensed in the 
ovarian
ematrix returned by the likelihood �t on the single Monte Carlo samples, whi
h is denotedCOV(~αs
c). Sin
e there is no statisti
al 
orrelation between the di�erent samples 
orrespond-ing to di�erent signal or ba
kground 
omponents c, the ~αs

c and matri
es COV(~αs
c) for di�erentsamples c are un
orrelated. Sin
e the systemati
 un
ertainties will introdu
e 
orrelations be-tween these di�erent 
omponents c, for every s
enario s a single ve
tor ~αs is 
onstru
ted from

(~αs
0, ~α

s
1, ..., ~α

s
N ) and a single blo
k diagonal 
ovarian
e matrix merging the single 
ovarian
ematri
es

(COV(~αs
0),COV(~αs

1), ...,COV(~αs
N )) . (8.25)The parameters ~αs for the s
enario with s = 0 (nominal s
enario) provide an estimate forthe expe
tation values, with statisti
al un
ertainty given by the 
ovarian
e matrix COV(~α0).Then the systemati
 un
ertainties, provided by the s
enarios starting from s = 1, need to be
onsidered on top. Sin
e the systemati
 shifts of the various di�erent s
enarios are applied ontop of exa
tly the same events, the statisti
al un
ertainty on the variation of the parameters
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~αs with respe
t to ~α0 
an be assumed to be negligible. Su
h variations are therefore 
onsideredas 
orresponding to 1σ Gaussian �u
tuations due to the systemati
 un
ertainty introdu
edby the s
enario 
onsidered. Using these, an additional 
ovarian
e matrix 
an be built up:

COVsyst(~α)i,j = COV(αi, αj) =

Ns∑

s=1

(αs
i − α0

i )(α
s
j − α0

j ) (8.26)Thanks to the non diagonal terms, all 
orrelations are 
orre
tly handled; these terms alsoinvolve 
orrelations between di�erent signal and ba
kground 
omponents. Finally the twopreviously de�ned 
ovarian
e matri
es are simply summed up together:
COVtot(~α)i,j =

Ns∑

s=1

(αs
i − α0

i )(α
s
j − α0

j ) + COVstat(~α
0)i,j . (8.27)The PDF modelling the global systemati
 variations expe
ted for the parameters ~α is thengiven by the multi-Gaussian fun
tion:

PDF(~α) = exp

[
−1

2

(
~α − ~α0

)T
COV−1

tot

(
~α − ~α0

)] (8.28)In order to make this PDF easier to handle, after a full inversion of the 
ovarian
e matrix, theproperty that symmetri
 matri
es 
an be diagonalised through an orthogonal transformationis exploited: this removes the non diagonal terms of the quadrati
 form in the exponential.In this way a fa
torised PDF is obtained:
PDF(~α) = Π

Npar

t=0 exp

[
−
(
βt(~α) − βt(~α

0)
)2

2σ2
t

]
, (8.29)where

~βi = Oij~αj

~β0
i = Oij~α

0
j

COV −1(~β)is = (1/σi)
2 δis = OijCOV−1

tot,jkO
T
ks,and Oij is the orthogonal transformation obtained with the diagonalisation. In this way thePDF is now expressed as a simple produ
t of Gaussian PDFs. The parameters σt and β0

tare 
onstants, while the variables βt need to be dealt with as linear 
ombinations of the �tparameters ~α.On
e the multi-Gaussian PDF is de�ned, it is easy to generate random 
on�gurations ofthe �t parameters α a

ording to its distribution. In fa
t, after the fa
torisation of themulti-Gaussian PDF in a produ
t of Gaussian fun
tions, this is simply realised by generatingrandom Gaussian shifts of the parameters ~β around ~β0 with Gaussian widths ~σβ and thentranslating these shifts ba
k into 
orresponding shifts of the parameters ~α.The e�e
t in terms of systemati
 deformations of the signal PDFs, for mH = 120 GeV,are shown in Fig. 8.46. For ea
h of the generated sets of PDF parameters ~α, the PDFis plotted after normalisation to an area of 1: the PDFs 
orresponding to many di�erent
on�gurations ~α �ll up a two-dimensional spa
e of probabilities, whi
h is used, as a fun
tionof the dis
riminating variable, to 
ompute the median PDF value (on the y axis) and to de�nethe 1 and 2σ intervals around the median, 
orresponding respe
tively to a 
on�den
e levelof 68 and 95%. The impa
t of the statisti
al 
ovarian
e term and of the purely systemati
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ertainties 271ones are �rst 
onsidered separately and then 
ombined into an overall un
ertainty, a

ordingto the formula of Eq. 8.27. The same is shown in Fig. 8.47 for W+jet, in Fig. 8.48 for WZ,in Fig. 8.49 for tt̄ and in Fig. 8.50 for the Wt ba
kground. In order for this method to
orre
tly des
ribe the e�e
t of the systemati
 un
ertainty on the shapes of the PDFs, theparametrisation 
hosen for the PDFs must be able to a

ount for the deformations indu
edby the systemati
 un
ertainties introdu
ed by the various s
enarios: this is always triviallythe 
ase for all distributions des
ribed by a step fun
tion, but it is not ne
essarily the 
asewhen a more 
omplex fun
tional form is assumed, with a low number of parameters. Thisshould not be the 
ase for the PDFs used in this study, but when the �nal analysis will beperformed on data, it may be a good idea to use alternative fun
tional forms to des
ribe thesame PDFs and 
ompare the results, in order to ex
lude any e�e
t of this kind.Some of the involved un
ertainties are easier to understand by analysing dire
tly the vari-ations of the parameters ~α, some of whi
h represent well de�ned physi
s observables anddete
tor resolution parameters. This is for example the 
ase for shifts in the jet energy s
aleand of 
hanges in the jet energy resolution, whi
h for example have a dire
t impa
t on themean value and width of the (modi�ed) bifur
ated Gaussian used to model the signal and
WZ mass PDFs. The un
ertainty on the mean value and on the width of the Gauss fun
tionused to parametrise the signal PDF is shown in Fig. 8.51. The mean squared shift of the peakis around 3%, exa
tly as expe
ted from the assumed energy s
ale un
ertainty, and the widthof the 
ore Gaussian of the Higgs mass PDF is allowed to 
hange by around 10%. The sameis shown in Fig. 8.52 for the WZ ba
kground. Sin
e in this PDF there is an important 
rosstalk between the right σ of the bifur
ated modi�ed Gaussian used in the PDF and its meanvalue, the impa
t of the systemati
 un
ertainties on the Gaussian peak and on the resolutionseems to be higher, however the negative 
orrelations between the two is taken into a

ount,as shown in Fig. 8.52 (bottom plot).Sin
e the multi-Gaussian PDF takes all linear 
orrelations into a

ount, but most of theplots shown so far 
annot give any indi
ation of these, some 
orrelations plots are shown inFig. 8.53. It is important for example to a

ount for the fa
t that if the b-tagging e�
ien
y isin
reased or the jet energy s
ale is shifted to higher values, the amount of signal and W+jetba
kground events will s
ale very similarly: the plots show that the 
orrelation between thetwo due to 
ommon systemati
 un
ertainties is around 71%. It is also interesting to noti
ethat there is not su
h a 
lear 
orrelation between the expe
ted number of events of the tt̄ba
kground between the signal region and the 
ontrol sample: this 
an be explained by thefa
t that in the signal region the presen
e of an additional b-jet (beyond the two b-quarksfrom the Higgs boson 
andidate) is vetoed, while in the 
ontrol sample it is required, so thatthe b-tagging un
ertainty will a�e
t the two samples in a partially opposite way.It is also important that the bin-to-bin 
orrelations of the distributions des
ribed by a stepfun
tion (for example the PDF for the b-weight) are 
orre
tly modelled. The e�e
t due tothe systemati
 un
ertainties 
an be di�erent a

ording the signal or ba
kground 
omponent
onsidered, as shown in Fig. 8.54.When modelling the systemati
 un
ertainties with the use of the multi-Gaussian PDF someimportant assumptions are also made:

• A Gaussian distribution is assumed for the systemati
 shifts 
onsidered in the vari-ous di�erent s
enarios, where the 68% 
on�den
e interval is mapped onto their ±1σvariations.
• A linear relation is assumed between variations in the spa
e of parameters ~α and the
orresponding systemati
 shifts of the various di�erent s
enarios. The 
orrespondingvariations in the parameters ~α are therefore again Gaussian distributed.



272 8 Fit based approa
h and systemati
 un
ertainties

Higgs mass [GeV]
0 20 40 60 80 100 120 140 160 180 200

A
rb

itr
ar

y 
un

its

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07
σ2 

σ1 

median

signal

Higgs mass [GeV]
0 20 40 60 80 100 120 140 160 180 200

A
rb

itr
ar

y 
un

its

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

σ2 

σ1 

median

signal

Higgs mass [GeV]
0 20 40 60 80 100 120 140 160 180 200

A
rb

itr
ar

y 
un

its

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

σ2 

σ1 

median

signal

 additional jet [GeV]
T

p
0 10 20 30 40 50 60

A
rb

itr
ar

y 
un

its

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

0.022

σ2 

σ1 

median

signal

 additional jet [GeV]
T

p
0 10 20 30 40 50 60

A
rb

itr
ar

y 
un

its

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

0.022

σ2 

σ1 

median

signal

 additional jet [GeV]
T

p
0 10 20 30 40 50 60

A
rb

itr
ar

y 
un

its

0
0.002
0.004

0.006
0.008

0.01
0.012
0.014
0.016
0.018

0.02
0.022
0.024

σ2 

σ1 

median

signal

b−weight
0 1 2 3 4 5 6 7

A
rb

itr
ar

y 
un

its

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

σ2 

σ1 

median

signal

b−weight
0 1 2 3 4 5 6 7

A
rb

itr
ar

y 
un

its

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04
σ2 

σ1 

median

signal

b−weight
0 1 2 3 4 5 6 7

A
rb

itr
ar

y 
un

its

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04
σ2 

σ1 

median

signal

η∆
−5 −4 −3 −2 −1 0 1 2 3 4 5

A
rb

itr
ar

y 
un

its

0

0.01

0.02

0.03

0.04

0.05 σ2 

σ1 

median

signal

η∆
−5 −4 −3 −2 −1 0 1 2 3 4 5

A
rb

itr
ar

y 
un

its

0

0.01

0.02

0.03

0.04

0.05 σ2 

σ1 

median

signal

η∆
−5 −4 −3 −2 −1 0 1 2 3 4 5

A
rb

itr
ar

y 
un

its

0

0.01

0.02

0.03

0.04

0.05

0.06

σ2 

σ1 

median

signal

Figure 8.46: Systemati
 un
ertainties on the signal PDFs in terms of un
ertainty bands at a 
on�den
e levelof 68% (1σ) and 95% (2σ). In the left 
olumn only the statisti
al 
ontribution is shown, in the middle oneonly the systemati
 
ontribution, in the right one the 
ombined un
ertainty.
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Figure 8.47: Systemati
 un
ertainties on the PDFs for the W+jet ba
kground in terms of un
ertainty bandsat a 
on�den
e level of 68% (1σ) and 95% (2σ). In the left 
olumn only the statisti
al 
ontribution is shown,in the middle one only the systemati
 
ontribution, in the right one the 
ombined un
ertainty.
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Figure 8.48: Systemati
 un
ertainties on the PDFs for the WZ ba
kground in terms of un
ertainty bandsat a 
on�den
e level of 68% (1σ) and 95% (2σ). In the left 
olumn only the statisti
al 
ontribution is shown,in the middle one only the systemati
 
ontribution, in the right one the 
ombined un
ertainty.
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Figure 8.49: Systemati
 un
ertainties on the PDFs for the tt̄ ba
kground in terms of un
ertainty bands at a
on�den
e level of 68% (1σ) and 95% (2σ). On the left 
olumn only the statisti
al 
ontribution is shown, inthe middle one only the systemati
 
ontribution, in the right one the 
ombined un
ertainty.
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Figure 8.50: Systemati
 un
ertainties on the PDFs for the Wt ba
kground in terms of un
ertainty bands ata 
on�den
e level of 68% (1σ) and 95% (2σ). On the left 
olumn only the statisti
al 
ontribution is shown, inthe middle only the systemati
 
ontribution, in the right the 
ombined un
ertainty.
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• When both upward and downward �u
tuations for a 
ertain systemati
 shift are 
on-sidered, the 
orresponding variations of the parameters ~α are just averaged together(summed up with weight 0.5). Due to the Gaussian assumption the �nal variationsneed in fa
t ne
essarily to be symmetri
 with respe
t to the original upward or down-ward �u
tuation.The �rst assumption is in general absolutely reasonable: many of the experimental parametersa�e
ted by systemati
 shifts (like shifts in the jet energy s
ale, in the jet resolution and inthe b-tagging e�
ien
y and reje
tion, whi
h have the most important e�e
t on this analysis)will be measured on data, so that assuming these measurements to be Gaussian distributedaround the experimental errors is well motivated. The se
ond and third assumptions arejusti�ed only if either the systemati
 shifts 
onsidered result in relatively small deviations ofthe shapes of the PDFs around their expe
ted 
on�guration in the nominal s
enario or theya�e
t the PDF parameters in a 
lose to linear way. Most of the single systemati
 e�e
ts
onsidered have indeed a very small impa
t on the shapes of the PDFs. For the e�e
ts wherethe impa
t is greatest, the parameters are still varied by in general less than relative 5 to10%, so the linear approximation should work reasonably well.8.8 Impa
t of systemati
s on the maximum likelihood �tThe main impa
t of the systemati
 un
ertainties on the likelihood �t is related to the fa
t thatthe true distributions of the dis
riminating variables in data are not perfe
tly reprodu
ed bythe PDFs in the likelihood �t. The e�e
t on the sensitivity of the analysis 
an be investigatedby properly simulating the e�e
t of the systemati
 un
ertainties during the generation of theMonte Carlo pseudo-experiments. Therefore, for ea
h pseudo-experiment, the expe
tationvalues of the parameters ~α of the PDFs used for the generation are �rst randomly variedwith respe
t to their nominal parameters, a

ording to the multi-Gaussian PDF introdu
edin Eq. 8.29; the yield parameters of the signal and various ba
kground 
omponents are alsoin
luded in the multi-Gaussian PDF, as 
onsidered in the previous se
tion, to simulate possiblee�e
ts of their variations.In order to redu
e the impa
t of su
h systemati
 un
ertainties on the dis
overy sensitivity ofthe analysis, the statisti
al hypothesis test is also modi�ed. The proper way to take systemati
deformations of the PDFs into a

ount in the likelihood �t, when using the pro�le likelihoodratio as a test statisti
s, is to des
ribe them through the use of additional parameters in thelikelihood fun
tion (usually 
alled nuisan
e parameters). To do so, the parameters ~α of thePDFs whi
h were 
onsidered as �xed in the �t so far, are interpreted as nuisan
e parametersand left free to be determined on the �t data sample. In order to 
onstraint these parametersin the limit of the expe
ted systemati
 un
ertainties, the multi-Gaussian term of Eq. 8.29 isused as an external 
onstraint to the maximum likelihood �t, after having removed all theyield variables and the parameters of the tt̄ and Wt PDFs whi
h are determined dire
tly onthe 
ontrol sample (mass and b-weight PDF). As a 
onsequen
e the likelihood fun
tion ofEq. 8.16 to be maximised 
hanges into:

log(LTOT ) = log(LCS) + log(LSR) + log

(
L

(
NWt

NWt + Ntt̄

))

−
Npar∑

t=0

((
βt(~α) − βt(~α

0)
)2

2σ2
t

) (8.30)The use of the pro�le likelihood ratio (Eq. 8.20) method in 
ombination with the additionalnuisan
e parameters permits to 
orre
tly a

ount for the systemati
 un
ertainties, due to the
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h and systemati
 un
ertaintiesseparate maximisation of the likelihood fun
tion representing the signal plus ba
kground andba
kground only hypotheses also in the spa
e of possible values of the nuisan
e parameters.In addition, the nuisan
e parameters 
an also get 
onstrained during the �t itself, while the
orrelations between the various parameters are 
orre
tly taken into a

ount. This means forexample that if, within the expe
ted systemati
 un
ertainty, the mass peak of the Z bosonin the WZ ba
kground is signi�
antly 
onstrained by the �t sample itself, also all other �tparameters whi
h are strongly a�e
ted by the same jet energy s
ale variation are 
onstrainedas well. Few validation tests have shown that this indeed works very reliably: as an example,the error on the Z mass peak provided by the �t on Monte Carlo toys generated with thesignal plus ba
kground hypothesis is presented in Fig. 8.55, whi
h shows that, starting from asystemati
 Z mass width of σ(mZ )
mZ

≈ 5% (see Fig. 8.52), whi
h re�e
ts the expe
ted systemati
un
ertainty 
ontained in the multi-Gaussian 
onstrain term, the �t itself 
an 
onstrain theZ mass peak further down to a relative pre
ision of ≈ 3.5% in average, either dire
tly beingsensitive to the position of the Z mass peak itself or by exploiting the 
orrelations to all other�t parameters whi
h are also dire
tly a�e
ted by jet energy s
ale variations.
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Figure 8.55: Error on the Z mass peak as provided by �ts on Monte Carlo toys generated with ba
kgroundplus signal (mH = 120 GeV). If the �t would not be able to 
onstraint the Z mass peak further, the errorwould be �xed to ≈ 4.5 GeV, the upper limit whi
h is given by the multi-Gaussian 
onstraint term.The method proposed here has, however, a 
lear drawba
k in terms of speed exe
ution ofa single likelihood �t: due to the in
reased 
omplexity of the �t and to the in
rease in thenumber of free parameters from ≈ 20 to ≈ 100, the exe
ution speed of a single �t in
reasesfrom around 1 minute to around 30 minutes (in
luding the 
omputation of the full hessianmatrix of the likelihood fun
tion around the found maximum). This limits the amount ofstatisti
s whi
h is possible to 
olle
t for the ba
kground only experiments needed to de�nethe statisti
al hypothesis test.The dis
overy sensitivity of the analysis was thus re-evaluated, in
luding all experimentalsystemati
 un
ertainties using the method just des
ribed. The results are shown in Figs. 8.56-8.58, for the three Higgs boson mass hypotheses 
onsidered in this study. The dis
overypotential of a low mass Higgs boson in the WH → ℓνbb̄ 
hannel as a fun
tion of the Higgsmass is summarised in Fig. 8.59, together with the 1 and 2σ bands around the median values ofthe signi�
an
es. It 
an be seen that, after in
luding the e�e
t of the experimental systemati
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Figure 8.56: (Left) Distribution of 2 · log(PLR) for the ba
kground only and signal plus ba
kground pseudo-experiments 
orresponding to a mH =120 GeV. The result of a χ2 �t to the ba
kground only distribution byusing a χ2 fun
tion with one degree of freedom is also shown, together with its asso
iated Prob(χ2). (Right)Expe
ted distribution of signi�
an
es as a result of the Monte Carlo pseudo-experiments for mH =120 GeV.
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Figure 8.57: (Left) Distribution of 2 · log(PLR) for the ba
kground only and signal plus ba
kground pseudo-experiments 
orresponding to a mH =115 GeV. The result of a χ2 �t to the ba
kground only distribution byusing a χ2 fun
tion with one degree of freedom is also shown, together with its asso
iated Prob(χ2). (Right)Expe
ted distribution of signi�
an
es as a result of the Monte Carlo pseudo-experiments for mH =115 GeV.
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Figure 8.58: (Left) Distribution of 2 · log(PLR) for the ba
kground only and signal plus ba
kground pseudo-experiments 
orresponding to a mH =130 GeV. The result of a χ2 �t to the ba
kground only distribution byusing a χ2 fun
tion with one degree of freedom is also shown, together with its asso
iated Prob(χ2). (Right)Expe
ted distribution of signi�
an
es as a result of the Monte Carlo pseudo-experiments for mH =130 GeV.un
ertainties, a median dis
overy signi�
an
e of 3σ (2.6σ) is expe
ted for a Higgs boson of115 (120) GeV in mass with 30 fb−1 of integrated luminosity. It is also worth noti
ing thatthe biggest impa
t on the sensitivity is not originating from taking into a

ount possibledeformations of the PDFs used in the likelihood �t due to systemati
 e�e
ts, but it is mostlydue to the degradations in the dete
tor performan
e assumed moving from the perfe
t to thenominal s
enario, as des
ribed in Se
tion 8.6.The �nal expe
ted dis
overy sensitivity of the WH → ℓνbb̄ analysis for a Higgs boson with
mH = 120 GeV is higher than the dis
overy sensitivity assumed for the 
ombination of all
V H (W,Z) 
hannels used as an input to the re
ent global �t analysis of the Higgs boson
ouplings presented in Ref. [49℄, on
e the the un
ertainty of 10% on the ba
kground levelassumed in this analysis is taken into a

ount. Sin
e the V H sear
h 
hannels are found toplay a 
ru
ial role in 
onstraining the Higgs boson 
ouplings, the result of the WH analysisrepresents an important indire
t 
on�rmation of the feasibility of the global �t analysis forHiggs boson masses around 120 GeV.The e�e
t of next-to-leading order QCD 
orre
tions and of additional theoreti
al un
er-tainties has not yet been in
luded, but a dedi
ated study of the Wbb̄ ba
kground pro
ess,for whi
h a 
omplete next-to-leading order Monte Carlo is missing, is ongoing. Furthermore,the experimental in�uen
e of pile-up events has not yet been fully 
onsidered: a �rst fullsimulation study, where the in�uen
e of pile-up has been taken into a

ount, shows that thedegradation of the mass resolution and of the b-tagging e�
ien
y is very small, however thepossible impa
t of pile-up on the jet veto will need to be 
arefully addressed.



8.8 Impa
t of systemati
s on the maximum likelihood fit 283

 [GeV]Hm
116 118 120 122 124 126 128 130

D
is

co
ve

ry
 s

ig
ni

fic
an

ce

0

1

2

3

4

5

6
σ2 

σ1 

median

−1WH channel, L = 30 fb

Figure 8.59: Dis
overy sensitivity as a fun
tion of the Higgs boson mass, for an integrated luminosity of30 fb−1, for the nominal s
enario des
ribed in the text. All experimental systemati
 un
ertainties have beenin
luded.



Summary and 
on
lusionsIn the 
ourse of the present thesis several new primary vertex �nding and �tting methodsto determine the primary intera
tion vertex were implemented in the ATLAS re
onstru
tionsoftware.All vertex �tting algorithms rely on a Kalman �lter based approa
h. One of the fundamentalinputs to the Kalman �lter is the linearisation of the equations of motion of the 
harged parti
letraje
tories around a 
ertain position in spa
e: for the �rst time an exa
t 
omputation of therelated Ja
obians was performed, whi
h allows a faster 
onvergen
e of the �t pro
edure. The�rst-order result was found to agree with previous 
al
ulations.Due to the noisy environment of hadron 
ollisions at the LHC, the determination of theprimary vertex position needs to 
ope with substantial 
ontamination from parti
les frompile-up events and from se
ondary intera
tions: adaptive �nding methods were introdu
edto optimally redu
e the bias on the �t result due to outlying measurements. Furthermore,a primary vertex �nding algorithm was implemented, the adaptive multi-vertex �nding algo-rithm, whi
h deals with the problem of dynami
ally asso
iating M 
harged parti
le tra
ks to
N verti
es and is therefore parti
ularly useful in all 
ases where the distan
es between theverti
es get 
omparable to the experimental resolutions of the 
harged parti
le tra
ks.The primary vertex �nding performan
e was evaluated for various physi
s pro
esses and fordi�erent instantaneous luminosities, with an average number of in-time pile-up intera
tionsbetween 0 and 6.9.Without 
ontamination from pile-up events, in tt̄ events the primary vertex position 
anbe determined with a pre
ision of 30 µm in the longitudinal dire
tion and of 9 µm in thetransverse plane. The use of adaptive vertex �nding methods permits to improve the 
oreresolution in the z dire
tion by ≈ 13% and the root mean squared of the residual distributionup to ≈ 34%. Thanks to the implementation of a spe
ial 3d-vertex seeding method, theadaptive vertex �nding algorithms 
an also deal 
orre
tly with a poor knowledge of the beamspot position in the transverse plane: the degradation of the vertex resolution in the z dire
tionturns out to be marginal.In the presen
e of up to 6.9 additional in-time intera
tions from pile-up, only a small degra-dation in the vertex re
onstru
tion performan
e is seen: depending on the pro
ess 
onsidered,the resolution in the z dire
tion is degraded up to 7% and the fra
tion of not 
orre
tly re
on-stru
ted primary intera
tion verti
es is between 0.2% (for tt̄ events) and 1.4% (for H → γγevents). The fra
tion of events where the signal vertex is not 
orre
tly identi�ed amongall re
onstru
ted primary verti
es is signi�
antly higher, strongly depending on the pro
ess
onsidered: however, for physi
s events where the presen
e of a lepton with high transversemomentum (pT > 10 GeV/c) 
an be required, this fra
tion 
an essentially be redu
ed to thementioned intrinsi
 fra
tion of not 
orre
tly re
onstru
ted primary verti
es.In addition, in the 
ourse of the present thesis a novel algorithm, denoted JetFitter, wasimplemented for the in
lusive identi�
ation of b- to c-hadron 
as
ades in b-jets, as opposed tothe in
lusive determination of a single b-/c-vertex, aimed at improving the ability of ATLASto identify b-jets. The algorithm is able to determine a variety of possible di�erent de
ay 
haintopologies, thanks also to the possibility to re
onstru
t verti
es with a single re
onstru
ted
harged parti
le tra
k. On a set of in
lusive WH → ℓνbb̄ events, the de
ay 
hain �t 
an284
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es with one or more 
harged parti
le tra
ks in ≈ 20% of the
ases.The result of the de
ay 
hain �t, in
luding the information about the de
ay 
hain topology,was used as input to two dedi
ated b-jet identi�
ation algorithms, the �rst one based on alikelihood ratio approa
h and the se
ond one based on an arti�
ial neural network. The b-jet identi�
ation performan
e, after 
ombining the se
ondary vertex based algorithms withthe best performing impa
t parameter based algorithm available in ATLAS, was evaluatedon di�erent physi
s samples of fully simulated events and in di�erent kinemati
 ranges, andthe results were 
ompared to the standard 
ombined algorithm available in ATLAS. As anexample, for tt̄ and tt̄jj events, if a b-jet identi�
ation e�
ien
y of 60% is required, withthe JetFitter algorithm based on the neural network approa
h only one every ≈ 230 u, dand s (light)-quark jets is misidenti�ed as a b-jet, with a relative improvement of ≈ 15 %and ≈ 40 % 
ompared to JetFitter based on the likelihood approa
h and to the standard
ombined algorithm, respe
tively.The b-tagging algorithm based on JetFitter with the neural network approa
h was alsospe
i�
ally optimised to reje
t c-quark jets: as a result, the c-quark reje
tion 
an be in
reased,at the 
ost of a redu
ed light-quark reje
tion, by tuning a parameter whi
h 
an be interpretedas the relative ba
kground 
omposition in terms of c- and light-quark jets. As an example, ifa b-jet identi�
ation e�
ien
y of 60% is required, the c-jet reje
tion 
an be in
reased by upto 25%, while losing up to 50% of the light-quark reje
tion. Larger gains in c-jet reje
tion 
anbe obtained for smaller b-jet e�
ien
ies.In the present thesis, a �rst dete
tor level study of the WH → ℓνbb̄ Higgs boson sear
h
hannel, where the W and Z bosons are required to have large transverse momenta and theHiggs boson de
ays into a pair of b-quarks, was presented. This study relies on Monte Carloevents generated with LO Monte Carlo generators and passed through the full simulation ofthe ATLAS inner dete
tor and muon system and through a full-granularity fast simulation ofthe 
alorimeter.The identi�
ation of the Higgs 
andidate relies on a re
ently proposed algorithm [1℄ wherethe two b-subjets are re
onstru
ted in a single large jet and the two subjets are then sear
hedfor by using an iterative splitting pro
edure: after the jet energy 
alibration is applied, a goodmass resolution of ≈ 10% is obtained, whi
h is su�
ient to distinguish Higgs bosons with amass above 115 GeV/c2 from the nearby Z boson peak originating from WZ events, whi
hare an irredu
ible ba
kground for this sear
h 
hannel.To reje
t the large W+light jet ba
kground, a very good b-jet identi�
ation performan
e isrequested on both subjets, despite their proximity. Both the JetFitter and standard 
ombinedalgorithms were 
onsidered to be applied to the subjets from the Higgs 
andidate and theperforman
e was evaluated on the same event samples as used for the analysis: if a b-subjetidenti�
ation e�
ien
y of 70% is required, a remarkable reje
tion against light-quark jets of
≈ 100 
an be obtained with JetFitter. After b-tagging is applied, the dominant ba
kground
ontributions are given by the Wbb̄ pro
ess and by tt̄ events. In the se
ond 
ase the Higgsboson is mimi
ked by the 
ombination of a b- and a c-jet. By spe
i�
ally optimising theJetFitter algorithm to reje
t c-jets, the signal-to-ba
kground ratio of the analysis was improvedfurther.The statisti
al signi�
an
e of the WH → ℓνbb̄ analysis based on pure event 
ounting, interms of S√

B
, was found to be 3.0± 0.3, assuming a Higgs boson mass of 120 GeV/c2, leadingorder 
ross se
tions, a 
entre-of-mass energy of √s = 14 TeV and an integrated luminosity of

30 fb−1.The systemati
 un
ertainty on the estimated number of ba
kground events 
an signi�
antlyde
rease the dis
overy signi�
an
e with respe
t to the quoted statisti
al signi�
an
e. In
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h and systemati
 un
ertaintiesthis thesis a maximum likelihood �t was developed, based on the signal and ba
kgrounddistributions of four un
orrelated dis
riminating variables, in order to extra
t the signal andthe main ba
kground 
ontributions dire
tly from data and, therefore, to basi
ally remove thissour
e of un
ertainty. The statisti
al hypothesis test is based on the pro�le likelihood ratioand the estimation of the median dis
overy signi�
an
e relies on a large set of ba
kground-onlyand signal-plus-ba
kground Monte Carlo pseudo-experiments.An important sour
e of systemati
 un
ertainties is given by possible di�eren
es in the shapesof the distributions of the dis
riminating variables for the signal or the various ba
kground
omponents between simulated and real data. Control sample are therefore de�ned for the tt̄and Wt ba
kgrounds, to extra
t the probability density fun
tions (PDFs) for most of theirdis
riminating variables dire
tly from data, in regions of the phase spa
e where a negligiblesignal 
ontribution is expe
ted. The distributions in the 
ontrol sample and in the signalregion were found to be 
ompatible in the limit of the available Monte Carlo statisti
s. Thesystemati
 un
ertainty on the shapes of the remaining PDFs is 
onsidered by adding 
orre-sponding nuisan
e parameters to the likelihood fun
tion and by 
onstraining these parametersin the limit of the variations expe
ted by 
onsidering shifts in the energy s
ale, in the b-tagginge�
ien
y and reje
tion, in the lepton re
onstru
tion and identi�
ation e�
ien
y and severalother experimental systemati
 variations. In addition, a novel method was derived, to takeall 
orrelations between the systemati
 variations of the PDFs due to 
ommon systemati
un
ertainties 
orre
tly into a

ount.The �nal result is that, in
luding the e�e
t of experimental systemati
 un
ertainties, theexpe
ted median dis
overy sensitivity to a Standard Model Higgs boson is ≈ 3σ for mH =
115 GeV/c2, ≈ 2.6σ for mH = 120 GeV/c2 and ≈ 2.0σ for mH = 130 GeV/c2, based onleading order 
ross se
tions, on a 
entre-of-mass energy of √s = 14 TeV and on an integratedluminosity of 30 fb−1.The Higgs → bb̄ de
ay mode has been thus re-established as a dis
overy mode for Higgsbosons at the LHC. In addition this 
hannel turns out to be extremely important to extra
tthe Higgs boson 
ouplings.The e�e
t of next-to-leading order QCD 
orre
tions and of additional theoreti
al un
er-tainties has not yet been in
luded, but a dedi
ated study of the Wbb̄ ba
kground pro
ess,for whi
h a 
omplete next-to-leading order Monte Carlo is missing, is ongoing. Furthermore,the experimental in�uen
e of pile-up events has not yet been fully 
onsidered: the possibleimpa
t of pile-up on the jet veto will need to be 
arefully addressed.



A Primary vertex re
onstru
tionA.1 Details on 
omputation of tra
k parameterisationA.1.1 Computation of Ja
obian derivativesIn Se
tion 5.3.3, in order to get the Ja
obians A and B to feed into Eq. 5.16, the derivatives of
(d0, z0, φP , θP , q/p) with respe
t to (xV , yV , zV , φV , θ, q/p) need to be 
omputed, as expli
itlyderived here:

∂d0

∂xV
= −sgn(ρ)

X

S
(A.1)

∂d0

∂yV
= −sgn(ρ)
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S

∂d0
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ρ
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∂z0

∂q/p
= − ρ

tan(θ)

[
1

q/p
(φV − φp (xV , yV , φV , θ, q/p)) +

∂φP

∂q/p

]

∂z0

∂θ
= −ρ

[
φV − φp (xV , yV , φV , θ, q/p) +

1

tan(θ)

∂φP

∂θ

]
,while the derivatives with respe
t to θ and q/p are all zero, ex
ept for ∂q/p

∂q/p and ∂θ
∂θ whi
h aretrivially equal to 1.These derivates 
an be further simpli�ed, by using the following identities:

(yV − yR)sin(φV ) + (xV − xR)cos(φV ) = (A.4)
(yV − yR − ρcos(φV )) sin(φV ) + (xV − xR + ρsin(φV )) cos(φV ) =

Y sin(φV ) + Xcos(φV )

ρ2 + ρ ((xV − xR)sin(φV ) − (yV − yR)cos(φV )) = (A.5)
ρ [(xV − xR + ρsin(φV ))sin(φV ) − (yV − yR − ρcos(φV ))cos(φV )] =

ρ [Xsin(φV ) − Y cos(φV )] .The �nal result for the Ja
obians A and B, in a more 
ompa
t form, is obtained in Se
-tion 5.3.3.A.1.2 Approximation in the limit of large 
urvaturesThe 
omputation of Ja
obians presented in the Se
tion 5.3.3 
ontains no approximation. The
omputation of the same Ja
obian was already available in Ref. [61℄, but only in the limit oflarge 
urvatures (|ρ| ≫ |d0|). This 
orresponds to performing a Taylor expansion of the resultpresented in Eq. 5.36 and Eq. 5.37 as a fun
tion of 1
ρ and then keeping only the terms up to�rst order, O

(
1
ρ

). While the result presented here is exa
t up to all orders in 1
ρ , it is veryuseful to do su
h an expansion and 
ompare the �rst order result as a �rst 
ross-
he
k of thenew result.For the position Ja
obian one obtains:

A =
∂(d0, z0, φP , θP , q/p)

∂(xV , yV , zV )
(A.6)

=





− sin(φV ) cos(φV ) 0

− cos(φV )cot(θ) − sin(φV )cot(θ) 1

0 0 0

0 0 0

0 0 0





+





− cos(φV )[xV cos(φV ) + yV sin(φV )] − sin(φV )[xV cos(φV ) + yV sin(φV )] 0

cot(θ)[−yV cos(2φV ) + xV sin(2φV )] −cot(θ)[xV cos(2φV ) + yV sin(2φV )] 0

cos(φV ) sin(φV ) 0

0 0 0

0 0 0





1

ρ
+ O(

1

ρ2
)
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obian provides the following result:
B =

∂(d0, z0, φP , θP , q/p)

∂(φV , θ, q/p)
(A.7)

=





−R̃ 0 0

cot(θ)Q̃ R̃
sin2(θ)

0

1 0 0

0 1 0

0 0 1





+





Q̃ · R̃ 1
2cot(θ)R̃2 − 1

2 q
p

R̃2

−cot(θ)τ −1
2

3+cos(2θ)
sin2(θ)

R̃ · Q̃ cot(θ)
q
p

R̃ · Q̃
−Q̃ −cot(θ)R̃ 1

q
p

R̃

0 0 0

0 0 0





1

ρ
+ O(

1

ρ2
)

where R̃,Q̃ and τ are de�ned as:
R̃ = (yV − yR) sin(φV ) + (xV − xR) cos(φV ) (A.8)
Q̃ = (xV − xR) sin(φV ) − (yV − yR) cos(φV )

τ = [(x2
V − y2

V ) cos(2φV ) + 2xV yV sin(2φV )]When 
omparing this result with the 
omputation presented in Ref. [61℄, three di�eren
esshould be 
onsidered:
• The ATLAS 
onvention for the sign of the transverse impa
t parameter d0 and for the
urvature ρ is opposite to the one used in Ref. [61℄.
• The de�nition used for R and Q is slightly di�erent.
• In the ATLAS tra
king model the perigee parameters are given in terms of (d0, z0, φp, θp, q/p),while in Ref. [61℄ the parameter q/p is repla
ed with the inverse 
urvature itself.While it is straightforward to take the �rst two di�eren
es into a

ount, the third one mustbe dealt with by relating the Ja
obians expressed in the two di�erent parameterizations; this
an be done by multiplying the submatri
es of A and B involving (θp, q/p) by an additionalJa
obian ∂(θ,q/p)

∂(θ,1/ρ) . After 
onsidering these three small di�eren
es, the result in Eq. A.6 andEq. A.7 agree perfe
tly with the result of Ref. [61℄1.A.2 Implementation in the ATLAS software ATHENAIn this se
tion of the appendix details will be given about how the vertex �nding and �ttingalgorithms des
ribed in Se
tion 5.3 and Se
tion 5.4 are 
on
retely realized.1In this arti
le there is a sign error in one of the elements of the momentum Ja
obian, whi
h is 
orre
ted byan erratum [100℄ published few years later.



290 A Primary vertex re
onstru
tionA dedi
ated framework, based on the C++ programming language, is implemented in theATLAS software ATHENA for the re
onstru
tion of the primary event vertex, whi
h was putin pla
e before the start of the present thesis work [101℄. This framework was signi�
antlyextended to add all features requested by the adoption of adaptive �nding and �tting methodsand of the simultaneous �t of more than one primary vertex and will be thus des
ribed insome detail here. The framework in
ludes:
• A set of Event Data Model (EDM) 
lasses, whi
h 
ontain all vertex �t related infor-mations (verti
es, asso
iated tra
ks, �t quality,...), hierar
hi
ally stru
tured, whi
h are�lled up during re
onstru
tion and then stored in the event output.
• A set of algorithms and related tools, whi
h deal with the vertex �nding or �tting tasks.All algorithms and tools are implemented in a very �exible way. They usually inherit fromabstra
t interfa
es, where every abstra
t interfa
e 
orresponds to a well de�ned task, withprede�ned input and output informations. As a 
onsequen
e, more than one 
on
rete im-plementation of a tool or of an algorithm 
an exist, so that the user running the ATLASre
onstru
tion software 
an easily swit
h from a software 
omponent to a di�erent one, byjust 
hanging external 
on�guration �les.A.2.1 Event Data ModelThe 
lasses 
ontaining the vertex re
onstru
tion Event Data Model are designed in su
h a waythat they 
an hold the output information produ
ed by any present or future vertex �nder.In addition these 
lasses 
ontain few additional informations, whi
h are temporarily neededby the vertexing algorithms during their internal pro
essing, but are not stored in the outputas a default, like for example the result of the linearization of a tra
k around an approximatevertex position.In order to visualize the stru
ture of the adopted obje
t oriented Event Data Model, thebasi
 
lasses are shown in Fig. A.1 using an UML (Uni�ed Modeling Language) diagram.The output of any primary vertex �nding algorithm is a ve
tor of re
onstru
ted vertex 
an-didates (VxCandidate). The VxCandidate 
ontains the informations about the re
onstru
tedvertex position and quality (Re
Vertex), about the tra
ks asso
iated to the vertex (ve
tor ofVxTra
kAtVertex) and a VertexType, whi
h informs about the nature of the vertex (signal,pile-up, se
ondary,...). The Re
Vertex 
ontains the vertex position (whi
h is a
tually storedin the base 
lass Vertex), the vertex 
ovarian
e matrix and the �t quality (FitQuality), interms of value of χ2 and number of degrees of freedom. The asso
iated tra
ks to the vertex(VxTra
kAtVertex) 
ontain:
• the �t quality information (χ2 and number of degrees of freedom 
orresponding to the
ompatibility of the tra
k to the �tted vertex)
• the tra
k weight (used only in the adaptive �t and 
orresponding to the weight ω ofEq. 5.45)
• the vertex 
ompatibility (again used only in the adaptive �t and 
orresponding to thevalue of χ̂2 to be used in Eq. 5.45 )
• the tra
k parameters after the vertex �t (where usually the tra
ks are 
onstrained topass through the vertex position)
• the linearized tra
k
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VxCandidate

# m_vertexType : Trk::VertexType
# m_recVertex : Trk::RecVertex
# m_vxTrackAtVertex : std::vector< Trk :: VxTrackAtVertex * >

RecVertex
� m_positionError : ErrorMatrix
� m_fitQuality : Trk::::FitQuality

Vertex
� m_position : Hep3Vector

VxTrackAtVertex
# m_fitQuality : Trk::::FitQuality
# m_trkWeight : double
# m_VertexCompatibility : double
# m_perigeeAtVertex : Trk::ParametersBase*
# m_linState : Trk::LinearizedTrack*
# m_initialPerigee : const Trk::ParametersBase*
# m_ImpactPoint3dAtaPlane : Trk::MeasuredAtaPlane*
# m_trackOrParticleLink : Trk::ITrackLink*

LinearizedTrack
� m_ExpectedParametersAtPOCA : HepVector
� m_ExpectedErrorAtPOCA : ErrorMatrix
� m_linPoint : GlobalPosition
� m_PositionJacobian : HepMatrix
� m_MomentumJacobian : HepMatrix
� m_ExpectedPositionAtPOCA : HepVector
� m_ExpectedMomentumAtPOCA : HepVector
� m_ConstantTerm : HepVector
� m_vl : bool

FitQuality
� m_chiSquared : double
� m_numberDoF : double

+m_recVertex

+m_linState

Figure A.1: UML diagram for the basi
 
lasses 
ontaining the vertex information in the ATLAS Event DataModel.
• the original tra
k parameters (as provided by the tra
king algorithm)
• a spe
ial version of the tra
k parameters, de�ned at the point of 
losest approa
h to thea
tual vertex position in three dimensions (used only in the adaptive �t in order to geta fast estimate of the value of χ̂2 whi
h does not require the smoothing step des
ribedin Se
tion 5.3.2)
• a link to the original tra
k in the tra
king 
olle
tionFor all vertex �tting algorithms implemented in ATLAS, and in parti
ular for the Billoir(Se
tion 5.3.1) and Kalman �lter (Se
tion 5.3.2) methods des
ribed in this thesis, the vertex�t relies on the use of the linearised measurement equation of Eq. 5.16. All informationsabout the tra
k after it has been linearised around a 
ertain point in spa
e, as des
ribed atthe end of Se
tion 5.3.3, are 
ontained in the LinearizedTra
k 
lass, whi
h 
ontains the perigeeparameters at the linearization point, the related 
ovarian
e matrix, the linearization point,the position and momentum ja
obian (matri
es A and B of Eq. 5.7), the expe
ted positionand momentum at the linearization point (ve
tors ~r0 and ~p0 of Eq. 5.7), the 
onstant term ofthe linearization equation (ve
tor ~C of Eq. 5.7) and �nally a simple bool stating whether ornot the 
ontent of the LinearizedTra
k obje
t is valid.The obje
t 
lasses des
ribed so far need to be further extended in order to support thesimultaneous �t of more verti
es, whi
h is required by the adaptive multi-vertex �t: su
h anextension is shown in Fig. A.2, again in the form of an UML diagram. In parti
ular, whatneeds to be stored, at least temporarily during the �t, is the asso
iation between tra
ks andverti
es. This is obtained by extending the information of the tra
ks asso
iated to the vertex
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MvfFitInfo
� m_constraintVertex : Trk::RecVertex*
� m_seedVertex : Trk::Vertex*
� m_linearizationVertex : Trk::Vertex*

VxTrackAtVertex
# m_fitQuality : Trk::FitQuality
# m_trkWeight : double
# m_VertexCompatibility : double
# m_perigeeAtVertex : Trk::ParametersBase*
# m_linState : Trk::LinearizedTrack*
# m_initialPerigee : const Trk::ParametersBase*
# m_ImpactPoint3dAtaPlane : Trk::MeasuredAtaPlane*
# m_trackOrParticleLink : Trk::ITrackLink*

TrackToVtxLink
� m_vertexes : std::vector< VxCandidate * >*

VxCandidate
# m_vertexType : Trk::VertexType
# m_recVertex : Trk::RecVertex
# m_vxTrackAtVertex : std::vector< Trk :: VxTrackAtVertex * >

MVFVxTrackAtVertex
# m_linkToVertices : TrackToVtxLink*

MVFVxCandidate
� m_fitInfo : MvfFitInfo
� m_initialized : bool

Figure A.2: UML diagram for the 
lasses whi
h extend the original vertex Event Data Model to support thesimultaneous �t of more verti
es, as implemented in the adaptive multi-vertex �tter.(stored in VxTra
kAtVertex) by the MVFVxTra
kAtVertex 
lass, whi
h 
ontains an additionalobje
t, the Tra
kToVtxLink 
lass. If the same original tra
k is 
ontributing to more vertex
andidates, they will all have a di�erent MVFVxTra
kAtVertex, but these tra
ks asso
iatedto their respe
tive verti
es will have a 
ommon link to the original tra
k and a 
ommonTra
kToVtxLink obje
t, 
ontaining the link to all vertex 
andidates the tra
ks is 
ompetingto be assigned to.In this way, during the adaptive multi-vertex �t, starting from a single vertex 
andidate, itis possible, after some multiple iterations over all vertex tra
ks, to navigate to all other vertex
andidates whi
h they share tra
ks with. This allows to 
olle
t all the vertex 
ompatibilityfa
tors χ̂2 needed to 
al
ulate the weights ω of Eq. 5.46 for every tra
k asso
iated to ea
hvertex 
andidate to be �tted in the simultaneous �t. In addition also the vertex 
andidate(VxCandidate obje
t) is extended by the MVFVxCandidate 
lass, whi
h 
ontains also thevertex 
onstraint (typi
ally beam spot position + 
ovarian
e matrix), the initial seed forthe vertex position and the vertex position used for the last tra
k linearization step. Theseinformations are very useful to be kept during the vertex �t, but do not ne
essarily need tobe stored in the event data output.A.2.2 Vertexing algorithms and toolsThe InDetPriVxFinder algorithm is the main algorithm governing primary vertex �ndingin ATLAS. As shown in Fig. A.3, it 
an be 
on�gured to make use of any of the primaryvertex �nding tools in ATLAS: InDetPriVxFinderTool (the default vertex �nder des
ribedin Se
tion 5.4.1), InDetAdaptivePriVxFinderTool (the adaptive vertex �nder des
ribed inSe
tion 5.4.3 and the InDetAdaptiveMultiPriVxFinderTool (the adaptive multi-vertex �nderdes
ribed in Se
tion 5.4.4). The sequen
e diagram in Fig. A.4 shows s
hemati
ally how theInDetPriVxFinder algorithm works: it retrieves the input tra
ks provided by the tra
kingalgorithm, it passes them to the vertex �nding tool of 
hoi
e and, after all primary verti
es inthe event have been found, it stores them ba
k in the event store (whi
h in ATLAS is 
alledStoreGate).Every primary vertex �nder intera
ts with the vertex �tter of 
hoi
e to determine the ver-
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IVertexFinder

+ ~ IVertexFinder()
+ interfaceID() : const InterfaceID&
+ findVertex(trackTES : const TrackCollection*) : VxContainer*
+ findVertex(trackTES : const Trk::TrackParticleBaseCollection*) : VxContainer*

InDetPriVxFinder
� m_storeGate : StoreGateSvc*
� m_tracksName : std::string
� m_vxCandidatesOutputName : std::string
� m_VertexFinderTool : ToolHandle< IVertexFinder >
+ initialize() : StatusCode
+ execute() : StatusCode
+ finalize() : StatusCode

InDetAdaptiveMultiPriVxFinderTool InDetAdaptivePriVxFinderToolInDetPriVxFinderToolFigure A.3: The main algorithm governing primary vertex �nding in ATLAS (InDetPriVxFinder) and thethree available vertex �nding tools it 
an be interfa
ed to.tex positions. These vertex �tting tools all inherit from the base 
lass IVertexFitter, ex
eptfor the adaptive multi-vertex �tter (AdaptiveMultiVertexFitter), whi
h requires a dedi
atedimplementation and is more tightly bound to its related vertex �nding algorithm (InDe-tAdaptiveMultiPriVxFinderTool). The vertex �tting tools are designed in a very modularway, subdivided into several di�erent tasks, whi
h 
an be easily ex
hanged and re-
on�gureddi�erently.
 : IVertexFitter

VxContainer*

Tracks

VxCandidate*

TrackCollection*

 : StoreGate : InDetPriVxFinder  : IVertexFinder

TrackCollection*

VxContainer*

: retrieve()

: findVertex()

: record()

...

...
: fit()

Figure A.4: Sequen
e diagram for the InDetPriVxFinder algorithm.The Adaptive Vertex Fitter is an example of su
h a modular implementation, as shownin Fig. A.5, where the AdaptiveVertexFitter 
lass with its properties and main methods isshown, together with all helper 
lasses, whi
h are used by the vertex �tter to a

omplishspe
i�
 tasks. Some of the helper 
lasses are in 
ommon with other vertex �tting tools: forexample, the IVertexLinearizedTra
kFa
tory is in 
ommon among all vertex �tting algorithms;the IVertexUpdator and the IVertexSmoother deal with the Kalman update and smoothingstep whi
h are typi
al for a Kalman �lter, as des
ribed in Se
tion 5.3.2 and are in 
ommonwith all Kalman Filter based �tting algorithms, while other 
lasses are spe
i�
 for the adaptive
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onstru
tionvertex �tter, as the Impa
tPoint3dAtaPlane, the IVertexTra
kCompatibilityEstimator and theIVertexAnnealingMaker. To understand more in detail how the adaptive vertex �tter, 
on-
eptually des
ribed in Se
tion 5.3.5, is realized in pra
ti
e, it is worth giving a look at itssequen
e diagram (Fig. A.6), whi
h shows how this algorithm works and intera
ts with thehelper 
lasses.As a �rst step, the adaptive vertex �tter provides a set of tra
ks to the IVertexSeedFinder,whi
h elaborates them a

ording to the 
on
rete seed �nding algorithm of 
hoi
e (e.g. z-s
anor full 3d based) and returns the seed vertex position. A

ording to this seed vertex, thetra
ks, already in the form of VxTra
kAtVertex, i.e. of tra
ks asso
iated to the vertex tobe �tted, are prepared for the �t. On one side the IVertexLinearizedTra
kFa
tory is usedto linearize the tra
ks around the seed vertex position and the result is stored in the Lin-earizedTra
k asso
iated to its respe
tive VxTra
kAtVertex for later use. On the other side theImpa
tPoint3dAtaPlaneFa
tory is used to de�ne the tra
k parameters at the point of 
losestapproa
h in three dimensions to the seed vertex position, whi
h are later used to get a fastestimate of the 
ompatibility of the tra
k to the vertex (i.e. an estimation of the value of

AdaptiveVertexFitter
� m_maxIterations : long int
� m_maxDistToLinPoint : double
� m_initialError : double
� m_onlyzseed : bool
� m_doSmoothing : bool
+ fit(vectorTrk : const std::vector< const Trk :: Track * >&) : VxCandidate*

IVertexFitter

IVertexSeedFinder

+ findSeed(vectorTrk : const std::vector< const Trk :: Track * >&, constraint : const RecVertex*) : Vertex

IVertexLinearizedTrackFactory

+ linearize(theTrack : VxTrackAtVertex&, linPoint : const Vertex&)

IVertexTrackCompatibilityEstimator

+ estimate( : VxTrackAtVertex&, vertex : const Vertex&)
+ compatibility( : VxTrackAtVertex&, vertex : const Vertex&) : float

ImpactPoint3dAtaPlaneFactory
� m_extrapolator : ToolHandle< Trk :: IExtrapolator >
� m_IP3Destimator : ToolHandle< Trk :: ImpactPoint3dEstimator >
+ addIP3dAtaPlane( : VxTrackAtVertex&, vertex : const Vertex&)
+ IP3dAtaPlane(vtxTrack : VxTrackAtVertex&, vertex : const Vertex&) : MeasuredAtaPlane*

IVertexUpdator

+ add( : VxCandidate&,  : VxTrackAtVertex&) : VxCandidate*
+ remove( : VxCandidate&,  : VxTrackAtVertex&) : VxCandidate*
+ positionUpdate(vtx : const RecVertex&, trk : const PerigeeLinearizedTrack*, sign : int, weight : double) : RecVertex

IVertexSmoother

+ smooth(vtx : VxCandidate&)

IVertexAnnealingMaker

+ reset()
+ anneal()
+ getWeight(chisq : double, allchisq : const std::vector< double >&) : double
+ getWeight(chisq : double) : double
+ isEquilibrium() : bool
+ actualTemp() : double

Figure A.5: The AdaptiveVertexFitter 
lass and the vertex �tting tools it relies on.
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χ̂2): these parameters are stored in the Impa
tPoint3dAtaPlane obje
t, whi
h is again asso
i-ated to the VxTra
kAtVertex. After the preparation phase, the �t iterations are started. Atea
h further iteration, the IVertexAnnealingMaker is 
alled, to de
rease the temperature ofthe adaptive annealing pro
edure: the iterations are stopped when the annealing pro
edurerea
hes its last step. During a single �t iteration, the vertex is updated by iterating the Kalmanupdate step over all tra
ks. For ea
h tra
k the IVertexTra
kCompatibilityEstimator is �rst
alled, whi
h uses the Impa
tPoint3dAtaPlane of the tra
k to update the VxTra
kAtVertexwith the new value of tra
k to vertex 
ompatibility χ̂2, whi
h is stored in its VertexCompatibil-ity property. Then the IVertexAnnealingMaker is 
alled, whi
h, given the a
tual temperatureof the annealing s
heme and the value of the tra
k χ̂2, returns a value for the tra
k weight
ω, whi
h is stored in the trkWeight asso
iated with the same VxTra
kAtVertex: as a defaultfor the tra
k weight 
omputation the formula of Eq. 5.45 is used. Finally the IVertexUpdatoris 
alled, whi
h updates the a
tual vertex 
andidate (VxCandidate) by performing the realKalman update step, whi
h uses as input the LinearizedTra
k and the trkWeight asso
iatedto the VxTra
kAtVertex. After all �t iterations have been 
ompleted, the IVertexSmoother is
alled, whi
h iterates the Kalman smoothing step over all tra
ks and �lls all VxTra
kAtVertexobje
ts with the re�tted tra
k parameters (perigeeAtVertex) and the 
orre
t values of tra
k
χ2 and number of degrees of freedom (�tQuality).In the 
ase of the simultaneous adaptive �t of more verti
es, a tighter integration of the ver-

Loop

fit iterations

over
Loop

tracks

over

over
Loop

tracks

Loop

 : AdaptiveVertexFitter

 : IVertexSeedFinder

: getWeight(chisq_hat : double) : double

 : IVertexLinearizedTrackFactory

 : ImpactPoint3dAtaPlaneFactory  : IVertexTrackCompatibilityEstimator

 : IVertexUpdator

 : IVertexSmoother

: anneal()

 : IVertexAnnealingMaker

tracks
over

: findSeed() : Vertex*

: linearize(theTrack : VxTrackAtVertex&, linPoint : const Vertex&)

: addIP3dAtaPlane( : VxTrackAtVertex&, vertex : const Vertex&)

: compatibility( : VxTrackAtVertex&, vertex : const Vertex&) : float

: add( : VxCandidate&,  : VxTrackAtVertex&) : VxCandidate*

: smooth(vtx : VxCandidate&)Figure A.6: Sequen
e diagram for the AdaptiveVertexFitter vertex �tting tool.
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IVertexUpdator

IVertexLinearizedTrackFactory

AdaptiveMultiVertexFitter
� m_maxIterations : long int
� m_maxDistToLinPoint : double
� m_initialError : double
� m_doSmoothing : bool
� m_minweight : double
+ fit(allvertexes : std::vector< VxCandidate * >&)
+ addVtxTofit( : VxCandidate*)
� findAmongVertexes(vertex : const VxCandidate*, previousvertexes : const std::vector< VxCandidate * >) : bool
� collectWeights(tracklink : const TrackToVtxLink&) : std::vector< double >*
� prepareCompatibility(newvertex : VxCandidate*)

ITrackSelectorTool

IVertexTrackCompatibilityEstimator IVertexAnnealingMaker

ImpactPoint3dAtaPlaneFactory

IVertexSmoother

IVertexSeedFinder

InDetAdaptiveMultiPriVxFinderTool
� m_iBeamCondSvc : IBeamCondSvc*
� m_useBeamConstraint : bool
� m_TracksMaxZinterval : double
� m_maxVertexChi2 : double
� m_realMultiVertex : bool
� m_useFastCompatibility : bool
� m_finalCutMaxVertexChi2 : double
� m_cutVertexDependence : double
� m_minweight : double
� m_maxIterations : double
+ findVertex(trackTES : const TrackCollection*) : VxContainer*

Figure A.7: The adaptive multi-vertex �nding and �tting 
lasses with all helper 
lasses it relies on.tex �nding and �tting tools is realized; however, as shown in the UML diagram of Fig. A.7,the same �tting helper tools used in the 
ase of the single-vertex �t 
an be re-used. Theadaptive multi-vertex �nder (InDetAdaptiveMultiPriVxFinderTool), as all the remaining ver-tex �nding algorithms, deals dire
tly with the tra
k sele
tion (
alling the ITra
kSele
torTool),whi
h is needed to ensure the input tra
ks are of su�
iently good quality, and with the seed�nder tool (IVertexSeedFinder), while all remaining helper 
lasses are dealt with dire
tly bythe AdaptiveMultiVertexFitter, analogously to the adaptive single-vertex �tter. A simpli�eds
heme about how the multi-vertex �nding algorithm works is shown in Fig. A.8: this explainshow the multi-vertex �nding des
ribed 
on
eptually in Se
tion 5.3.5 is realized in pra
ti
e.After tra
k sele
tion, the multi-vertex �nder iterates on the vertex seeds found iterationafter iteration and passes them to the AdaptiveMultiVertexFitter, whi
h, at ea
h new itera-tion, tries to add the new vertex to the old ones and does a simultaneous �t of all verti
es.Every new vertex needs to be prepared for the vertex �t; this is a
hieved by the prepareCom-patibility() method, whi
h 
ares about tra
k linearization and estimation of tra
k parametersat point of 
losest approa
h in 3d. Then the simultaneous �t of all verti
es is performed.This is analogous to the single-vertex �t 
ase of Fig. A.6 (therefore some steps as 
alling theIVertexAnnealingMaker::anneal() method are not shown for simpli
ity), with the di�eren
ethat all verti
es need to be updated at every annealing iteration and that the weight ωvtx ofa 
ertain tra
k at a 
ertain vertex is 
omputed by a dedi
ated method of the IVertexAnneal-ingMaker 
lass, whi
h takes into a

ount not only the 
ompatibility of the tra
k of interest tothe vertex to be updated, but also to all other verti
es the tra
k is 
ompeting to be assigned



A.2 Implementation in the ATLAS software ATHENA 297to, as required by Eq. 5.46. The vertex �nding stops when no new seed verti
es are found.
Iterations

tracks

vertices
over

vertices

over

Loop

over

over

vertices

Iterations

seed

over

Loop

: decision(TrkTrack*,Vertex*) : bool

: findSeed(vector<TrkTrack*>) : Vertex*

: addVtxTofit( : VxCandidate*)
: prepareCompatibility(newvertex : VxCandidate*)

 : InDetAdaptiveMultiPriVxFinderTool

 : ITrackSelectorTool

 : IVertexSeedFinder

 : IVertexAnnealingMaker

 : IVertexTrackCompatibilityEstimator

Loop

 : IVertexUpdator : AdaptiveMultiVertexFitter

 : IVertexSmoother

tracks

: fit(allvertexes : std::vector< VxCandidate * >&)

: getWeights(chisq : double, allchisq : vector<double>&) : double

: compatibility(: VxTrackAtVertex&, vertex: const Vertex&) : float

: add( : VxCandidate&, : VxTrackAtVertex&) : VxCandidate &

: smooth(vxt : VxCandidate&)

Figure A.8: Sequen
e diagram for the adaptive multi-vertex �nder.



298 A Primary vertex re
onstru
tionA.3 Tuning of parameters in the adaptive vertex �ttersThe two most important parameters a�e
ting the adaptive behaviour of the adaptive vertex�tters are the value of χ2
cutoff for the tra
k weight fa
tor ω(χ2) (Eq. 5.45) and the set oftemperatures used for the annealing s
heme.

L = 1033 cm−2s−1 with ∆tBC = 75 ns, < Npu > = 6.9
tt̄

χ2
cutoff Set of temperatures Misid. Lost Outliers 〈ntrk〉PU σz σx RMSz9 [64, 16, 4, 2, 1.5, 1] 0.5% 0.2% 0.3% 0.7 32.2 µm 8.8 µm 38.7 µm9 [16, 8, 4, 2, 1.5, 1] 0.4% 0.2% 0.3% 0.7 32.2 µm 8.9 µm 38.6 µm9 [256, 64, 16, 4, 2, 1] 0.5% 0.2% 0.4% 0.8 32.2 µm 8.9 µm 38.9 µm9 [64, 32, 16, 8, 4, 2, 1.5, 1] 0.5% 0.2% 0.4% 0.8 32.2 µm 8.8 µm 38.8 µm7 [64, 16, 4, 2, 1.5, 1] 0.5% 0.2% 0.4% 0.7 32.2 µm 8.9 µm 39.0 µm5 [64, 16, 4, 2, 1.5, 1] 0.6% 0.3% 0.4% 0.6 32.8 µm 9.0 µm 39.8 µm3 [64, 16, 4, 2, 1.5, 1] 23.1% 22.4% 23.7% 0.5 33.9 µm 9.0 µm 41.8 µm

WH(→ lνuū)

χ2
cutoff Set of temperatures Misid. Lost Outliers 〈ntrk〉PU σz σx RMSz9 [64, 16, 4, 2, 1.5, 1] 1.7% 0.5% 1.4% 0.7 34.0 µm 8.0 µm 44.8 µm9 [16, 8, 4, 2, 1.5, 1] 1.6% 0.4% 1.3% 0.6 33.9 µm 8.0 µm 44.7 µm9 [256, 64, 16, 4, 2, 1] 1.9% 0.8% 1.7% 0.7 34.1 µm 8.1 µm 44.9 µm9 [64, 32, 16, 8, 4, 2, 1.5, 1] 1.8% 0.6% 1.5% 0.7 34.0 µm 8.0 µm 44.8 µm7 [64, 16, 4, 2, 1.5, 1] 1.7% 0.6% 1.5% 0.6 34.3 µm 8.1 µm 45.0 µm5 [64, 16, 4, 2, 1.5, 1] 1.8% 0.7% 1.6% 0.5 35.2 µm 8.1 µm 45.7 µm3 [64, 16, 4, 2, 1.5, 1] 32.5% 31.1% 33.2% 0.5 36.5 µm 8.4 µm 48.3 µm

WH(→ lνbb̄)

χ2
cutoff Set of temperatures Misid. Lost Outliers 〈ntrk〉PU σz σx RMSz9 [64, 16, 4, 2, 1.5, 1] 4.0% 0.7% 3.8% 0.6 41.4 µm 10.4 µm 55.5 µm9 [16, 8, 4, 2, 1.5, 1] 3.9% 0.6% 3.7% 0.6 41.3 µm 10.3 µm 55.5 µm9 [256, 64, 16, 4, 2, 1] 4.3% 1.0% 4.1% 0.7 41.7 µm 10.4 µm 55.8 µm9 [64, 32, 16, 8, 4, 2, 1.5, 1] 4.1% 0.8% 3.9% 0.7 41.6 µm 10.4 µm 55.6 µm7 [64, 16, 4, 2, 1.5, 1] 4.1% 0.7% 3.9% 0.6 41.9 µm 10.3 µm 55.6 µm5 [64, 16, 4, 2, 1.5, 1] 4.3% 1.0% 4.1% 0.5 42.2 µm 10.4 µm 56.2 µm3 [64, 16, 4, 2, 1.5, 1] 29.7% 27.2% 30.5% 0.5 43.7 µm 10.6 µm 58.8 µmTable A.1: Comparison of the performan
e of the adaptive multi-vertex �nding algorithm when di�erentparameters χ2

cutoff and set of temperatures are applied to the adaptive multi-vertex �t. Listed are the fra
tionof misidenti�ed verti
es, where the signal vertex was not 
orre
tly re
onstru
ted and sele
ted (Misid.), thefra
tion of not found verti
es, where the signal vertex was not 
orre
tly re
onstru
ted (Lost), the fra
tion ofevents where the re
onstru
ted and sele
ted vertex is not in a z window of 0.5 mm from the signal simulatedvertex (Outliers), the average number of tra
ks from pile-up (〈ntrk〉PU ) and the 
ore resolutions (σ) andRMS of the vertex residual distributions along the z and x axes. These quantities are properly de�ned inSe
tion 5.5.4.The initial temperature is parti
ularly important: a high value will re
over 
ases where theinitial vertex position estimate provided by the seed �nder is only very poor, but will alsoallow for tra
ks far away from the vertex of interest to play an undesired role in the �t; on the
ontrary, a too low value requires the seed �nder to provide a very good estimate of the initialvertex position, otherwise tra
ks originating from the vertex of interest may be dis
ardedduring early stages of the �t. A 
omparison of the e�e
t of using various di�erent values for
χ2

cutoff and set of temperatures is presented in Table A.1 and Table A.2. The performan
eis very similar in all 
ases, with a 
lear ex
eption for the lowest values of χ2
cutoff : a valueof 3 for this 
ut means that all tra
ks with Prob(χ2)< 22% are removed from the �t, whi
hmeans that way too many tra
ks are dis
arded from the vertex �t. Even if the di�eren
e withrespe
t to the default setting listed as the �rst option is very small, the best performan
e is



A.3 Tuning of parameters in the adaptive vertex fitters 299seen by using the set of temperatures [16, 8, 4, 2, 1.5, 1]: the fa
t that this happens with aninitial temperature of 16 is an indi
ation of the fa
t that the seed �nding algorithm is indeedworking very well. Another thing to noti
e is that the width of the pulls starts to shrink whenthe χ2
cutoff is lowered: this is simply due to the fa
t that the tra
ks with the largest residualsare removed from the �t.As a result, the best parameters, among those 
onsidered in this study, seem to be a

χ2
cutoff value of 9 (
orresponding to Prob(χ2) ≈ 1%) and the set of annealing temperatures

[16, 8, 4, 2, 1.5, 1].
L = 1033 cm−2s−1 with ∆tBC = 75 ns, < Npu > = 6.9

tt̄

χ2
cutoff Set of temperatures < σz > < σx > σz,PULL σx,PULL9 [64, 16, 4, 2, 1.5, 1] 30.0 µm 8.6 µm 1.22 1.199 [16, 8, 4, 2, 1.5, 1] 30.0 µm 8.6 µm 1.22 1.199 [256, 64, 16, 4, 2, 1] 29.9 µm 8.6 µm 1.23 1.199 [64, 32, 16, 8, 4, 2, 1.5, 1] 30.0 µm 8.6 µm 1.22 1.197 [64, 16, 4, 2, 1.5, 1] 31.2 µm 8.9 µm 1.19 1.145 [64, 16, 4, 2, 1.5, 1] 33.4 µm 9.4 µm 1.13 1.073 [64, 16, 4, 2, 1.5, 1] 36.2 µm 10.2 µm 1.10 1.02

WH(→ lνuū)

χ2
cutoff Set of temperatures < σz > < σx > σz,PULL σx,PULL9 [64, 16, 4, 2, 1.5, 1] 36.9 µm 9.2 µm 1.11 1.009 [16, 8, 4, 2, 1.5, 1] 36.9 µm 9.2 µm 1.10 1.009 [256, 64, 16, 4, 2, 1] 37.1 µm 9.3 µm 1.11 1.009 [64, 32, 16, 8, 4, 2, 1.5, 1] 36.9 µm 9.2 µm 1.11 1.007 [64, 16, 4, 2, 1.5, 1] 38.3 µm 9.5 µm 1.08 0.975 [64, 16, 4, 2, 1.5, 1] 40.7 µm 10.0 µm 1.03 0.933 [64, 16, 4, 2, 1.5, 1] 43.8 µm 10.7 µm 1.02 0.91

WH(→ lνbb̄)

χ2
cutoff Set of temperatures < σz > < σx > σz,PULL σx,PULL9 [64, 16, 4, 2, 1.5, 1] 41.0 µm 10.3 µm 1.19 1.169 [16, 8, 4, 2, 1.5, 1] 41.0 µm 10.3 µm 1.19 1.169 [256, 64, 16, 4, 2, 1] 40.9 µm 10.2 µm 1.20 1.169 [64, 32, 16, 8, 4, 2, 1.5, 1] 41.0 µm 10.3 µm 1.20 1.167 [64, 16, 4, 2, 1.5, 1] 42.7 µm 10.6 µm 1.16 1.115 [64, 16, 4, 2, 1.5, 1] 45.6 µm 11.2 µm 1.10 1.053 [64, 16, 4, 2, 1.5, 1] 49.4 µm 12.0 µm 1.07 1.00Table A.2: Comparison of the performan
e of the adaptive-multi vertex �nding algorithm when di�erentparameters χ2

cutoff and set of temperatures applied to the vertex �t algorithm: the average estimated vertexerror (< σ >) and the Gaussian width of the pull distributions (σPULL) are listed, separately for the x and zdire
tions.



B Details about the JetFitter algorithmB.1 Optimization of the algorithmi
 exe
ution speedAs dis
ussed in Se
tion 6.6.4, the exe
ution speed of the JetFitter algorithm is mainly limitedby the need of inverting a matrix with the size of the state ve
tor, whi
h in this spe
i�
 
aseis 5+N . In the following a strategy is set up to signi�
antly improve the exe
ution speed.There is one pre
ise reason why the JetFitter vertex �t 
an be made signi�
antly faster.When adding a 
ertain tra
k to the vertex number i, the measurement equation 
ontainedin Eq. 6.10, on
e Eqs. 6.13 and 6.14 are taken into a

ount, 
onne
ts the tra
k parametersof that tra
k with the primary vertex position, the jet axis dire
tion and the �ight length ofthe 
orresponding vertex along the �ight axis di, but not dire
tly with the �ight length ofall remaining verti
es dj , with j 6= i. To make this statement stronger, if the whole de
ay
hain �t would be expressed in terms of a likelihood fun
tion to be maximized as a fun
tionof the parameters ~d, it would 
ontain no expli
it terms whi
h involve two di�erent di and dj,for i 6= j. As a 
onsequen
e the weight matrix COV −1(~d) of the de
ay 
hain vertex �t atany �t stage (after adding an arbitrary number of tra
ks to the �t) will have all non-diagonalelements COV −1(~d)di,dj
≡ 0. This 
an be exploited when, at the end of a Kalman updatestep, the weight matrix of size 5 + N needs to be inverted to get the 
ovarian
e matrix and,a

ording to that, the value of the state ve
tor ~d (a

ording to the general Kalman updatestep presented in Eq. 5.20).In prati
e, the weight matrix COV −1(~d) of the �tted de
ay 
hain will be always of theform:

COV −1(~d) =





w(~r,~r) w(~r, φ) w(~r, θ) w(~r, d1) w(~r, d2) w(~r, ...)

w(~r, φ) w(φ, φ) w(φ, θ) w(φ, d1) w(φ, d2) w(φ, ...)

w(~r, θ) w(φ, θ) w(θ, θ) w(θ, d1) w(θ, d2) w(θ, ...)

w(~r, d1) w(φ, d1) w(θ, d1) w(d1, d1) 0 0

w(~r, d2) w(φ, d2) w(θ, d2) 0 w(d2, d2) 0

w(~r, ...) w(φ, ...) w(θ, ...) 0 0 w(..., ...)





=




A3×3 B3×N

CN×3 DN×N



 , (B.1)where ~r is the primary vertex position, φ and θ the dire
tions of the b-�ight axis and d1, d2, ...the �tted distan
es of the various verti
es on the �ight axis. Using the well known blo
kinversion formula for this matrix and expressing it as a fun
tion of the inverse of the Dmatrix, one gets:



A B

C D




−1

=




(A − BD−1C)−1 −(A − BD−1C)−1BD−1

−D−1C(A − BD−1C)−1 D−1 + D−1C(A − BD−1C)−1BD−1



 . (B.2)300



B.2 Validation of neutral re
onstru
tion 301The inversion of the diagonal matrix D is extremely fast, so that, by using this formula, theslowest part of the 
omputation is 
ondensed in the inversion of the A − BD−1C matrix,whi
h is however of �xed size 5, independently on the value of N . This is signi�
antly fasterthan the inversion of the original matrix of size N + 5.In addition, as dis
ussed when demonstrating the equivalen
e between the Billor andKalman �lter method in the weighted means formalism (Se
tion 5.3.2), the Kalman �lterupdate step, presented in its general formulation in Eq. 5.20, 
an be applied for updating the�t with every tra
k in su
h a way to only update the quantity C−1
k · ~xk, so that the inversionof the weight matrix of the state ve
tor C−1

k is required only at the last Kalman update stepwith k = Ntrk, in order to get a

ess to the �nal state ve
tor ~xk. This redu
es the amount ofneeded matrix inversions by a fa
tor Ntrk.Several di�erent optimization strategies are also possible, like for example swit
hing fromthe weighted mean to the Kalman gain formalism, whi
h in prin
iple requires only the inversionof a matrix of the size of the measuremenet whi
h is iteratively added to the �t (whi
hwould be the size of the tra
k parameters, whi
h is 5). However this approa
h has severalother drawba
ks, so that the solution of inverting the matrix blo
k-wise and performing theinversion only during the last �t iteration seems to be really the optimal one.The result of this optimization is dis
ussed in Se
tion 6.6.4.
B.2 Validation of neutral re
onstru
tionThe expli
it re
onstru
tion of neutral parti
les 
orresponding to two-tra
k verti
es 
ompatiblewith 
onversions, K0

S mesons and Λ baryons has been introdu
ed in Se
tion 6.7.3. Out ofthese two-tra
k verti
es and of the momenta of the tra
ks at the vertex a neutral tra
k is
reated, by adopting the perigee parameterization for neutral tra
ks.In order to 
ross-
he
k if the neutral re
onstru
tion algorithm works 
orre
tly, the tra
kparameters of the neutral 
andidates have been analysed. First, by using Monte Carlo truthinformation in WH → lνuū events, only neutral 
andidates 
orresponding to real neutralparti
les have been sele
ted and then the 
orresponding true tra
k parameter values have been
omputed. Then, the residuals of the tra
k parameters with respe
t to the true expe
ted value,divided by their errors, have been derived, both for K0
S mesons (Fig. B.1) and for 
onversions(Fig. B.2). K0

S mesons are re
onstru
ted extremely well, with all pulls being nearly gaussianand with widths relatively 
lose to unity: as a 
onsequen
e, the impa
t parameter signi�
an
e
an be 
onsidered as a reliable estimator of whether the neutral 
andidate originates or notfrom the primary vertex. The same is expe
ted for Λ baryons. In the 
ase of 
onversions(Fig. B.2) the results are a bit worse, be
ause of the energy losses the ele
trons undergowhen intera
ting with the dete
tor material, due to the sizable e�e
t of bremsstrahlung. In
oin
iden
e of where the photon emission(s) took pla
e, kinks are generated in the ele
trontra
ks, whi
h mostly a�e
t the measurement of the absolute value of the tra
k momentum.As a 
onsequen
e, the absolute value of the momentum of the 
onversion 
andidates has anextremely large bremsstrahlung tail to lower values (higher values of 1/p in the plot), butalso most of the other pulls of the 
onversion 
andidates have signi�
ant tails, espe
ially thetransverse impa
t parameter signi�
an
e, even though their behaviour 
an still be 
onsideredas nearly Gaussian.
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Figure B.1: Distribution of pulls (residuals divided by respe
tive errors) of the neutral tra
k parameters
orresponding to K0
S meson 
andidates in light jets: the transverse (top left) and longitudinal (top right)impa
t parameters with respe
t to the primary vertex, the φ (middle left), θ (middle right) and 1/p (bottom)
omponents of the momentum are shown separately.
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Figure B.2: Distribution of pulls (residuals divided by respe
tive errors) of the neutral tra
k parameters
orresponding to 
onversion 
andidates in light jets: the transverse (top left) and longitudinal (top right)impa
t parameters with respe
t to the primary vertex, the φ (middle left), θ (middle right) and 1/p (bottom)
omponents of the momentum are shown separately.



304 B Details about the JetFitter algorithmB.3 Implementation in the ATLAS re
onstru
tion softwareIn this se
tion some details will be given about how the JetFitter algorithm has been imple-mented in the ATLAS re
onstru
tion software ATHENA. As in the 
ase of primary vertex�nding, the vertex �tting and �nding algorithms have been 
ompletely de
oupled, in order togain �exibility and modularity.The information about the de
ay 
hain �t during and after the vertex �t is stored in spe
i�
event data 
lasses, whi
h represent an extension of the event data model 
lasses presentedin Se
tion A.2. The 
omplete de
ay 
hain �t is represented by a VxJetCandidate (Fig. B.3),whi
h inherits from the VxCandidate 
lass, used for all more 
onventional single-vertex �ttingalgorithms (Fig. A.1). The VxJetCandidate adds to the 
lass it inherits from all the propertieswhi
h are needed to fully des
ribe the de
ay 
hain. This in
ludes, �rst of all, the parametersdetermined in the �t (primary vertex position, b-�ight axis dire
tion in φ and θ and thepositions of the single verti
es along the b-jet axis) and their related 
ovarian
e matrix, whi
hare both stored in the VertexPositions and Re
VertexPositions 
lasses, together with theoverall vertex �t χ2. While the tra
ks used in the vertex �t are already stored as tra
ksat vertex (VxTra
kAtVertex) in the vertex 
andidate (VxCandidate) 
lass, an extra set of
lasses stores the information about the verti
es along the jet axis (VxVertexOnJetAxis), whi
hin
lude their index number and their asso
iated tra
ks. During 
lustering, the 
ompatibilityof all pair of verti
es needs to be 
omputed: this information is stored in a dedi
ated 
lass,the 
lustering table (VxClusteringTable).
#m_fittedPositions

VertexPositions
# m_position : HepVector
# m_useWeightTimesPosition : bool
# s_numberOfInstantiations : unsigned int

#m_primaryVertex

#m_linearizationPositions

VxJetFitterDebugInfo
# m_numFitIterations : int
# m_numSignFlipFitIterations : int

VxJetCandidate
# m_primaryVertex : Trk::VxVertexOnJetAxis*
# m_fittedPositions : RecVertexPositions
# m_linearizationPositions : VertexPositions
# m_constraintPositions : RecVertexPositions
# m_verticesOnJetAxis : std::vector< VxVertexOnJetAxis * >
# m_debugInfo : Trk::VxJetFitterDebugInfo*
# m_clusteringTable : Trk::VxClusteringTable*

VxVertexOnJetAxis
- m_tracksAtVertex : std::vector< VxTrackAtVertex * >
- m_numVertex : int
- m_fitQuality : Trk::FitQuality
- m_compatibilityToPrimaryVtx : floatVxClusteringTable

- m_compatibilityPairOfVertices : std::map< float, PairOfVxVertexOnJetAxis >

RecVertexPositions
- m_positionError : Trk::ErrorMatrix
- m_fitQuality : Trk::FitQuality

#m_constraintPositions

#m_clusteringTable

VxCandidate

#m_debugInfo

Figure B.3: Extension of the single-vertex event data model required to store all the informations of thede
ay 
hain �t for the JetFitter algorithm.While in the 
ase of primary vertex �nding, the algorithms were designed in su
h a waythat every vertex �tting or �nding algorithm was getting a well de�ned set of input 
lassesand then giving ba
k a di�erent set of output 
lasses, in the 
ase of JetFitter, due to thehigher algorithmi
 
omplexity, it turned out to be more 
onvenient to have a well de�ned setof obje
ts whi
h 
ompletely de�ne the de
ay 
hain �t in its a
tual status, the VxJetCandidate
lass des
ribed above, with all its sub-
lasses, and then the vertex �tting algorithm implementsmethods whi
h a
t on su
h obje
ts, pro
essing them and dire
tly modifying them.
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JetFitterHelper

KalmanVertexOnJetAxisSmoother
� m_Updator : ToolHandle< KalmanVertexOnJetAxisUpdator >

KalmanVertexOnJetAxisUpdator
� m_NewKalmanFilter : bool

TrkDistanceFinderNeutralNeutral
� m_magneticfieldtool : ToolHandle< Trk :: IMagneticFieldTool >

TrkDistanceFinderNeutralCharged
� m_precision : double
� m_maxloopnumber : double
� m_loopsnumber : double
� m_magneticfieldtool : ToolHandle< Trk :: IMagneticFieldTool >

JetFitterInitializationHelper
� m_linearizedFactory : ToolHandle< IVertexLinearizedTrackFactory >

JetFitterRoutines
� m_helper : ToolHandle< JetFitterHelper >
� m_updator : ToolHandle< KalmanVertexOnJetAxisUpdator >
� m_smoother : ToolHandle< KalmanVertexOnJetAxisSmoother >
� m_minDistanceFinder : ToolHandle< TrkDistanceFinderNeutralCharged >
� m_minDistanceFinderNeutral : ToolHandle< TrkDistanceFinderNeutralNeutral >
� m_initializationHelper : ToolHandle< JetFitterInitializationHelper >

Figure B.4: Hierar
hi
al stru
ture of the vertex �tting tools of the JetFitter algorithms.The tools implementing the de
ay 
hain vertex �t are shown in Fig. B.4. The most im-portant 
lass 
ontains the main set of JetFitter routines (JetFitterRoutines) and handlesthe methods for performing the de
ay 
hain �t and for �lling the table of probabilities for
lustering. This 
lass makes use of a series of satellite 
lasses. The JetFitterInitialization-Helper 
lass 
ontains the methods to initialize the de
ay 
hain (VxJetCandidate obje
t) priorto any �t, while the JetFitterHelper 
lass 
ontains methods to modify the VxJetCandidate,for example to merge verti
es together or to delete verti
es from the de
ay 
hain. The realKalman update and smoothing steps are performed by the KalmanVertexOnJetAxisUpdatorand by the KalmanVertexOnJetAxisSmoother. Finally, in order to initialize the distan
es ofthe single-tra
k verti
es along the jet axis before the �rst �t iteration, the neutral-to-neutraland 
harged-to-neutral tra
k distan
e �nders have been implemented (TrkDistan
eFinderNeu-tralNeutral and TrkDistan
eFinderNeutralCharged).The stru
ture of JetFitter's vertex �nding tool is not equally modular (Fig. B.5). It 
on-tains one main 
lass (InDetImprovedJetFitterVxFinder), whi
h steers all the vertex �ndingoperations, by making use of large variety of tools. These in
lude tra
k sele
tion tools, seed�nding and single-vertex �tting tools (to manage the vertex �t of two-tra
k verti
es) and allmentioned vertex �tting tools of the JetFitter algorithm. Some more detailed mathemati
alexpressions for pro
essing impa
t parameters, 
reating neutral tra
ks and 
omputing lifetimesigns are implemented in a satellite 
lass (InDetJetFitterUtils). The main vertex �nding toolinherits from an abstra
t 
lass (ISe
VertexInJetFinder): this means, in pra
ti
e, that all in-
lusive se
ondary vertex �nders for b-tagging in ATLAS, in
luding JetFitter, use the sameinput (primary vertex position and error matrix, set of input tra
ks and jet dire
tion) andprovide the same kind of output obje
t, where all the informations about the found se
ondaryvertex or verti
es are stored.A simpli�ed sequen
e diagram showing how the JetFitter �nding algorithm works is pre-sented in Fig. B.6. First the tra
ks are sele
ted, by using the tra
k sele
tor tool, then all



306 B Details about the JetFitter algorithm
ISecVertexInJetFinder

+ findSecVertex(primaryVtx : const Trk::RecVertex&, jetM : HepLorentzVector&, inputTrks : std::vector< const Trk :: Track * >&) : VxSecVertexInfo*

IVertexSeedFinder

JetFitterRoutines

IVertexFitter

InDetImprovedJetFitterVxFinder
' m_initializationHelper : ToolHandle< Trk :: JetFitterInitializationHelper >
' m_helper : ToolHandle< Trk :: JetFitterHelper >
' m_routines : ToolHandle< Trk :: JetFitterRoutines >
' m_trkFilter : ToolHandle< Trk :: ITrackSelectorTool >
' m_extrapolator : ToolHandle< Trk :: IExtrapolator >
' m_jetFitterUtils : ToolHandle< InDet :: InDetJetFitterUtils >
' m_CrossDistancesSeedFinder : ToolHandle< Trk :: IVertexSeedFinder >
' m_mode3dfinder : ToolHandle< Trk :: IMode3dFinder >
' m_SequentialVertexFitter : ToolHandle< Trk :: IVertexFitter >
' m_storeGate : StoreGateSvc*
+ findSecVertex(primaryVertex : Trk::RecVertex&, jetMom : HepLorentzVector&,   : std::vector< const Trk :: Track * >&) : Trk::VxSecVertexInfo*

JetFitterHelper JetFitterInitializationHelper IMode3dFinder

InDetJetFitterUtils
' m_LinearizedTrackFactory : ToolHandle< Trk :: IVertexLinearizedTrackFactory >
' m_extrapolator : ToolHandle< Trk :: IExtrapolator >

IExtrapolator

ITrackSelectorTool

Figure B.5: Hierar
hi
al stru
ture of the vertex �nding tools of the JetFitter algorithms.two-tra
k verti
es are found by using a Kalman �t based vertex re
onstru
tion algorithm,and neutral tra
k 
andidates are 
reated to be used later in the de
ay 
hain �t. The de
ay
hain is then initialized and the distan
es of the initial single-tra
k verti
es are initialized totheir point of 
losest approa
h to the initial b-�ight axis dire
tion, whi
h is assumed to beequal to the jet dire
tion. Then the iterations for the 
lustering along the b-�ight axis arestarted. A single �t iteration 
onsists of the linearization of all tra
ks, in doing a Kalmanupdate step with all tra
ks, and, after 
onvergen
e, in smoothing all verti
es along the b-�ightaxis. After that, the table of probabilities for all pairs of found verti
es to be 
ompatible witha single vertex is �lled, and this is used by the �nding algorithm to de
ide what verti
es tomerge and whether to start a new iteration of the 
lustering pro
ess or not.The result of the �nding pro
edure is stored in a dedi
ated se
ondary vertex informationobje
t (VxJetFitterVertexInfo), whi
h inherits from the 
ommon 
lass used to store the outputof a generi
 se
ondary vertex �nding algorithm for b-tagging in ATLAS (VxSe
VertexInfo), asshown in Fig. B.7. The �tted de
ay 
hain is stored, together with the sele
ted tra
ks in thejet (primary and se
ondary tra
ks) and with all two-tra
k verti
es, in
luding neutral parti
le
andidates.
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 : IVertexFitter

 : JetFitterRoutines

 : JetFitterInitializationHelper

 : KalmanVertexOnJetAxisUpdator

 : KalmanVertexOnJetAxisSmoother

: smoothAllVertices(myJetCandidate : VxJetCandidate*)

: updateAllVertices(myJetCandidate : VxJetCandidate*)

: mergeVerticesInJetCandidate(vtx1 : VxVertexOnJetAxis&, vtx2 : VxVertexOnJetAxis&)

: update(vertexToSmooth : VxVertexOnJetAxis*)

: performKalmanConstraintToMergeVertices()

: fit(tracks : vector<Track*>&)

: linearizeAllTracks(vxJet : VxJetCandidate&)

: fastProbabilityOfMerging(vtx1 : VxVertexOnJetAxis*, vtx2 : VxVertexOnJetAxis*) : double

 : InDetImprovedJetFitterVxFinder

 : ITrackSelectorTool  : JetFitterHelper

Track selection

Two4trk vertices

for clustering

Iterations of

initialization
Decay chain

decay chain fit

: decision(trk : Track&, primaryVtx : RecVertex&) : bool

: performTheFit(jetCandidate : VxJetCandidate&)

: initializeToMinDistancesToJetAxis( : VxJetCandidate*)

: initializeJetCandidate(T : vector< Track * >&, PV : RecVertex*, jetdir : Hep3Vector*) : VxJetCandidate*

: add(trk : VxTrackAtVertex*, vertex : VxVertexOnJetAxis*)

Figure B.6: Sequen
e diagram showing how the JetFitter �nding algorithm works and how it makes use ofthe various vertex �tting tools.
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VxSecVertexInfo
# m_vertices : std::vector< Trk :: VxCandidate * >

VxJetFitterVertexInfo
� m_twoTrackVerticesInJet : const Trk::TwoTrackVerticesInJet*
� m_selectedTracksInJet : const Trk::SelectedTracksInJet*

TwoTrackVerticesInJet
� m_twoTrackVertices : std::vector< const VxCandidate * >
� m_neutralTrackOfVertex : std::vector< const TrackParticleBase * >

SelectedTracksInJet
� m_primaryTrackLinks : std::vector< const ITrackLink * >
� m_secondaryTrackLinks : std::vector< const ITrackLink * >

�m_selectedTracksInJet �m_twoTrackVerticesInJet

Figure B.7: Data 
lasses used to store the se
ondary vertex �nding result.



C WH analysis: further detailsC.1 Parton level study of the tt̄Z ba
kgroundThe tt̄Z ba
kground is potentially dangerous for the WH analysis, 
hara
terized by the ℓνbb̄signature, in parti
ular if the Z de
ays into a pair of neutrinos: here the additional transversemissing energy in
reases the relative ba
kground sele
tion e�
ien
y and the fa
t that the
tt̄ system is not sele
ted ba
k-to-ba
k makes the emission of two b-quarks or of a c and b-quark from the two top quarks inside a 
one of radius ∆R = 1.2 easier with respe
t to the tt̄ba
kground. However, even if the relative sele
tion e�
ien
y of the tt̄Z ba
kground is higherwith respe
t to tt̄, sin
e the tt̄Z produ
tion 
ross se
tion is only 0.86 pb at LO, one 
an stillhope to end up with a negligible ba
kground 
ontribution.This has been 
ross-
he
ked on a sample of parton level events produ
ed with the MadEventevent generator [102℄. After appli
ation of the following sele
tion 
uts:

• pT (ℓ)>30 GeV, |η|(ℓ)<2.7, Emiss
T > 30 GeV

• pT (W boson 
andidate)>200 GeV
• no additional leptons with pT >20 GeV and |η| <2.5
• cb− or bb−quark pair with |η(b/
)| <2.5, pT (bb/
b)>200 GeV, 0.3 < ∆R(bb/
b)< 1.2

• no additional parton (light- or c-quark) with pT >30 GeV
• (100 < mbb/cc < 140) GeVand adding a 
onservative estimate of the b- and c−(mis)tagging e�
ien
ies (respe
tively70 % and 10 %), one 
an 
on
lude that, 
onsidering both the potential bb− and cb−quark
ontributions, the 
ontribution of the tt̄Z ba
kground in the lνbb̄ analysis is < 0.6 eventswith 30 fb−1 at 95 % 
on�den
e level. The tt̄Z ba
kground with the Z boson de
aying into a

b-quark pair is not 
onsidered in more detail, sin
e in this 
ase there are two more jets in theevent on whi
h the additional jet veto 
an apply, so that this 
ontribution 
an be expe
tedto be mu
h smaller than tt̄Z with Z → νν and therefore negligible. This 
on�rms that nosigni�
ant 
ontribution is expe
ted from the tt̄Z ba
kground.C.2 Wbb̄ ba
kground: 
omparison between Herwig andA
erMCSin
e the Monte Carlo statisti
s available for the W+jet sample is limited, all the analysisoptimization and variables distribution plots were obtained using the A
erMC Wbb̄ sample,in
luding the Herwig W+jet sample after removing the Wg → Wbb̄ 
omponent. However,sin
e, as dis
ussed in Se
tion 7.3, the Herwig generator is expe
ted to provide a betterdes
ription of this pro
ess in the parti
ular region of phase spa
e sele
ted by this analysis,the in
lusive Herwig W+jet sample was used as a referen
e for the analysis sele
tion andfor the �nal mass distribution presented in Se
tion 7.5. It is, however, worth analysing how309



310 C WH analysis: further detailsthe analysis sele
tion has a di�erent impa
t on the A
erMC Wbb̄ sample and on the subsetof events of the Herwig sample whi
h 
ontain the Wg → Wbb̄ 
ontribution: this is shown inTable C.1, starting from the lepton 
ut, whi
h removes the bias due to the fa
t that the Wbosons were for
ed to de
ay leptoni
ally in the A
erMC sample. As the Table shows, whilethe number of expe
ted events agrees within statisti
s after the �nal mass window 
ut dueto the limited statisti
s of the Herwig sample, the jet veto and b-tagging 
uts show somesigni�
ant di�eren
es.
qq → Wbb̄ qq → Wg

pT (e/µ)>30 GeV 1176 ± 12 1359
pT (additional µ)<10 GeV 1153 ± 12 1346
pT (additional e)<10 GeV 1131 ± 12 1326

∆φ(W,H)> 2
3
π 1087 ± 12 1316no additional b-jets pT >15 GeV 926 ± 11 1179add. jets on W side pT <20 GeV 663.0 ± 9.9 732add. jets on H side pT <20 GeV 446.8 ± 8.3 461one subjet b-tagged 340.5 ± 7.3 323both subjets b-tagged 99.6 ± 4.0 60.7 ± 7.5loose �t 
uts 97.4 ± 4.0 59.8 ± 7.4112 GeV < mass(H) < 136 GeV 10.7 ± 1.3 6.4 ± 2.4Table C.1: Expe
ted number of events for the tight sele
tion 
uts for the A
erMC Wbb̄ sample 
omparedto the Herwig W+jet sample, where the only qq → Wg → Wbb̄ 
omponent has been sele
ted. All numbers
orrespond to an integrated luminosity of 30 fb−1.In order to explain su
h di�eren
es, the parton level study presented in Se
tion 7.3 needs tobe re
alled here, where it was explained that in a signi�
ant fra
tion of the events in Herwigthe widest angle splitting is g → gg(→ gbb̄), and not g → bb̄: so in a high fra
tion of theevents either the two leading subjets des
ribe an underlying gb or gb̄ pair, thus failing the

b-tagging requirement, or an additional hard jet is present in the event, 
lose to the bb̄ pair,on whi
h the veto on jets surrounding the H → bb̄ 
andidate 
an easily apply.
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Figure C.1: Comparison between ME and PS based approa
hes for the simulation of the W+bb̄ ba
kgroundof the invariant mass of the Higgs boson 
andidate after the ∆φ 
ut, for the 
ategory where the two leadingsubjets are mat
hed to a real bb̄ pair (left) and for the 
ategory where they are mat
hed to a real gb or gb̄ pair(right). The distributions are normalized to the number of events expe
ted in 30 fb−1 of 
olle
ted data.More spe
i�
ally, after the ∆φ 
ut, the number of events predi
ted by the PS is higher thanthose predi
ted by the ME approa
h, as expe
ted from the parton level study. Fo
using at



C.3 Subjet te
hnique 
ompared to traditional jet 
lustering 311this stage of sele
tion, the invariant mass distribution of the Higgs boson 
andidate is shownin Fig. C.1 separately for the 
ategory where the two leading subjets are mat
hed to a real
bb̄ pair and for the 
ategory where they are mat
hed to a real gb or gb̄ pair1. In the �rst
ase, the distributions are very similar for the PS and ME approa
hes, although the region ofhigher masses is slightly lower in the PS approa
h. In the se
ond 
ase, the PS predi
ts a mu
hhigher rate than the ME, whi
h is most probably due to the presen
e of se
ondary g → bb̄splittings. However, after b-tagging and jet vetoes are applied, the gb or gb̄ 
ontribution isessentially 
ompletely removed; in addition to that, the real bb̄ 
ontribution gets redu
edmore e�e
tively in the PS than in the ME Monte Carlo, mainly due to the additional gluonradiation predi
ted by the PS based Monte Carlo, but also be
ause in that 
ase the b-jete�
ien
y turns out to be slightly lower. As a 
onsequen
e, while at the beginning the PSapproa
h predi
ts a higher rate than the ME, after all analysis 
uts the situation turns intothe opposite. However, as explained, the di�eren
e 
an be attributed to the di�erent modelingof the jet shapes in Herwig and A
erMC, for whi
h the PS based approa
h should providea more reliable des
ription.C.3 Subjet te
hnique 
ompared to traditional jet 
lusteringIn Se
tion 7.8.1 the WH analysis was repeated by using a traditional k⊥ algorithm insteadof the subjet 
lustering method. Here some details of this 
omparison are dis
ussed.C.3.1 Improved reje
tion of tt̄ ba
kgroundThe subjet 
lustering te
hnique allows a signi�
antly better reje
tion of the tt̄ ba
kground.However, this improvement, as shown in Fig. C.2, where the invariant mass distribution forthe tt̄ ba
kground is 
ompared between the two jet 
lustering methods at two di�erent stagesof the analysis, gets visible only after the appli
ation of b-tagging. Even looking only at the
ombinations whi
h are mat
hed at truth level with a 
ombination of b- and c-jets, the subjets
lustering method results in a higher amount of ba
kground before b-tagging is applied. Onepossible explanation for this is that the three jets stru
ture gets better de
omposed by thesubjet 
lustering method, so that, while one subjet turns out to be the b-jet, the other would�nd either a light or a c-jet. The k⊥ �nding algorithm would instead typi
ally �nd a singlese
ond jet, mixing together the 
ontributions from the light and c-jets from the same W bosonde
ay. While the true-level algorithm whi
h mat
hes the jets with the �avour of the originalpartons would still label also the light jet as a c-jet, sin
e the c-jet would be in both 
asesnearer than ∆R = 0.3 to the c-quark, the b-tagging algorithm would more easily reje
t arounda half of the Higgs 
andidates sele
ted by the subjet 
lustering algorithm, where the se
ondsele
ted jet is a light-jet. The better de
omposition of the subjet stru
ture by the subjetsbased te
hnique is 
on�rmed by the fa
t that, in parti
ular after b-tagging is applied, themass tends to peak at higher values, towards the top mass, whi
h 
orresponds to a higheramount of 
ases where three subjets have been 
orre
tly in
luded in the 
lustering of theHiggs 
andidate.C.3.2 Impa
t of b-tagging on 
ollinear bb̄ pairsThe subjet 
lustering method is in prin
iple able to re
onstru
t subjets whi
h are signi�-
antly 
loser in pseudo-rapidity than ∆R = 0.4; at the moment the analysis is, however, not1It should be stressed here that a subjet is labeld as b-subjet only if a b-quark is present with momentumwithin ∆R = 0.3 from the subjet dire
tion
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Figure C.2: (Left) Invariant mass distribution of the Higgs boson 
andidate for the 
onventional di-jetanalysis (red) 
ompared to same quantity as obtained from the subjets based analysis (bla
k), before applying
b-tagging but sele
ting only the c-b jet 
ombinations at true level. (Right) Same distribution, but after
b-tagging is applied. Both distributions are normalized to 30 fb−1 of integrated luminosity.signi�
antly pro�ting from this, sin
e this feature is limited by the appli
ation of b-tagging,whi
h provides an e�e
tive turn on 
urve as a fun
tion of ∆R. To 
larify this e�e
t, Fig. C.3shows the Higgs boson mass distribution for the subjet 
lustering method, normalized to thenumber of entries in the histogram, before and after applying b-tagging on both subjets. It
an be seen that the b-tagging e�
ien
y drops for subjets nearer than ∆R = 0.2 − 0.3. Thise�e
t is not so small as it may look like, be
ause most of the higher pT Higgs bosons whi
hare easier to separate from the tt̄ ba
kground, a

umulate at lower ∆R. This e�e
t 
ouldbe 
ured by developing a dedi
ated b-tagging algorithm, whi
h simultaneously �ts the two
PV → b → c de
ay 
hains expe
ted in the two overlapping b-jets. This 
ould be developedin the future as an extension of the JetFitter vertexing algorithm, using eventually adaptivemethods (as illustrated in this thesis for primary vertex �nding appli
ations) to dynami
allyasso
iate tra
ks either to the �rst or to the se
ond b → c-hadron de
ay 
hain in the vertex �t.C.4 Comparison betwen ATLFAST-II and full simulationC.4.1 Lepton re
onstru
tion e�
ien
yThe WH analysis relies on the identi�
ation of a high pT lepton in the event. The ele
tronand muon e�
ien
y as a fun
tion of pT and η for the Higgs signal samples with mH = 120GeV based on the ATLFAST-II simulation is shown in Fig. C.4, for all high pT leptons fromthe de
ay of an asso
iated W boson. In order to in
rease the available statisti
s no sele
tion
uts are applied. The analysis relies on requiring an ele
tron passing the medium qualityele
tron identi�
ation requirement (denoted medium isEM), while the veto is applied to alooser quality identi�
ation requirement (denoted loose isEM) ele
tron.The same plots for the re
onstru
ted muons, again from the W boson, are shown in Fig. C.5.The analysis requires the presen
e of a 
ombined muon, while for the veto only a standalonemuon is required.The ine�
ien
y around η ≈ 0 is important for this analysis, sin
e an eventual high pT muonin this region will es
ape the veto, and translate into a very large 
ontribution to Emiss

T . In
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Figure C.3: ∆R(j1, j2) between the two subjets representing the Higgs boson 
andidate before and afterapplying b-tagging on them. Both histograms are normalized to an area of one.
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Figure C.4: Ele
tron e�
ien
y as a fun
tion of ele
tron pseudo-rapidiy η (left) and of ele
tron pT (right). E�-
ien
ies are given for di�erent obje
t identi�
ation de�nitions: isEM=Loose, isEM=Medium and isEM=Tight(
orresponding in ATLAS to a low, medium and high quality ele
tron identi�
ation requirement).this way a Z boson 
an be re
onstru
ted as a W (in addition 
ases where the se
ond leptonis outside a

eptan
e, |η| > 2.5 for the ele
tron or |η| > 2.7 for the muon, also 
ontribute tothis)2.Both signal and ba
kgrounds are dominated by 
ases where the sele
ted high pT lepton
omes from a W boson (or in few 
ases from a Z boson): it turns out that these are isolatedleptons, so if ATLFAST-II 
an reprodu
e their e�
ien
y 
orre
tly on the signal sample, itshould be able to 
orre
tly reprodu
e their e�
ien
y on the ba
kgrounds too. Fig. C.6 showsthe ratio between the number of ele
trons in ATLFAST-II and in full simulation, as a fun
tion2In the future, the analysis 
ould be improved by trying to veto events with a high pT tra
k in 
orresponden
eto η ≈ 0 whose invariant mass with the highest pT lepton (muon) in the event is 
ompatible with the Zmass, to a
t against the muon re
onstru
tion ine�
ien
y at η ≈ 0.
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Figure C.5: Muon e�
ien
y as a fun
tion of muon pseudo-rapidiy η (left) and of muon pT (right). E�
ien
iesare given for muons as re
onstru
ted in the muon system and for muons 
ombined with tra
ks re
onstru
tedin the inner dete
tor.of pT and η.
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Figure C.6: Ratio between ele
tron e�
ien
y in ATLFAST-II and full simulation as a fun
tion η (left) andof pT (right).The same ratio is shown for muons in Fig. C.7.For the muons, ATLFAST-II and the 
omplete full simulation of the ATLAS dete
tor areexpe
ted to provide the same result, sin
e in both 
ases the muons pass through the fullsimulation of the ATLAS dete
tor.The overall shifts (ATLFAST-II versus 
omplete full simulation) are shown in Table C.2:ATLFAST-II reprodu
es the muon e�
ien
ies well (as expe
ted), while a small shift to highere�
ien
y values is seen for the ele
trons. This is at most a 2 − 4% e�e
t, but it is a

ountedfor in the �t based analysis of Chapter 8, where the systemati
 un
ertainties 
onne
ted withthis study are 
onsidered.Sin
e in the analysis a 
ut on pT is applied, it is worth 
he
king whether ATLFAST-II
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Figure C.7: Ratio between muon e�
ien
y in ATLFAST-II and full simulation as a fun
tion η (left) and of
pT (right). Obje
t De�nition Shift ATLFAST-II/ FullSim (%)Muon standalone −0.1 ± 0.4Muon 
ombined 0.8 ± 0.5Ele
tron isEM==loose 2.0 ± 0.8Ele
tron isEM==medium 3.2 ± 1.0Ele
tron isEM==tight 3.1 ± 1.4Table C.2: Overall shift of e�
ien
ies for ATLFAST-II with respe
t to full simulation, for both ele
tronsand muons.reprodu
es the pT resolution of a muon or ele
tron 
orre
tly. The resolution in pT for bothmuons and ele
trons is shown in Fig. C.8.
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Figure C.8: Lepton pT resolution in ATLFAST-II and in full simulation for muons (left) and ele
trons (right).



316 C WH analysis: further detailsWhile the muon pT variable is perfe
tly reprodu
ed (as expe
ted), the ele
tron pT showsa shift of around 2% to lower pT values. The resolution is slightly worse in ATLFAST-IIwith respe
t to full simulation (the reason for this being that the parameterization of theEM shower shapes and energy pro�le of single parti
les in the 
alorimeter is based on anold version of the ATLAS GEANT4 simulation software). Both e�e
ts are again taken intoa

ount in the likelihood �t based analysis dis
ussed in Chapter 8.It is also worth 
onsidering the analysis sele
tion in more detail looking separately for eventswith a W boson 
andidate de
aying into a muon and into an ele
tron. In Table C.3 and C.4the analysis sele
tion is shown separately in term of these two 
omponents, starting from the
pT (e/µ) 
ut. WH(120) WZ tt̄(pmin

T
) Wt W+jet

e µ e µ e µ e µ e µ

pT (e/µ)>30 GeV 71 74 470 526 59269 55783 7916 7809 87800 90204
pT (additional µ)<10 GeV 71 74 462 480 54642 52194 7534 7458 87605 89937
pT (additional e)<10 GeV 70 73 423 462 49585 47719 6997 6884 86283 88658

∆φ(W,H)> 2

3
π 70 72 394 448 38570 46203 6282 6716 80597 87108no additional b-jets pT >15 GeV 65 66 371 418 15029 15576 3858 3946 77281 83328jets on W side pT <60 GeV 57 59 301 336 9642 9779 2924 2947 58532 62906jets on H side pT <60 GeV 51 52 249 277 6858 6983 2170 2200 45407 48648one subjet b-tagged 45 46 60 66 4344 4294 1217 1204 3405 3559both subjets b-tagged 23 22 21 23 295 281 78 83 139 127loose �t 
uts 23 22 21 22 290 275 76 81 135 122112 GeV < mass(H) < 136 GeV 15.3 14.5 1.4 2.2 60 69 20 18 17 15Table C.3: The table shows the expe
ted events going through the sele
tion at ea
h stage for the signal andthe main ba
kgrounds, starting from the pT (e/µ) 
ut, separately for ele
trons and muons from the W boson.The numbers are proje
ted to 30 fb−1 of 
olle
ted data.ZH(120) WW ZZ tt̄(pmax

T
) Z+jet

pT (e/µ)>30 GeV 3.6 5.4 1693 1771 106 159 1545 1354 4407 5728
pT (additional µ)<10 GeV 3.3 2.4 1682 1759 98 80 1351 1157 4209 2965
pT (additional e)<10 GeV 1.5 2.1 1642 1719 49 72 1101 936 1991 2750

∆φ(W,H)> 2

3
π 1.4 2.0 1571 1687 43 69 746 892 1411 2671no additional b-jets pT >15 GeV 1.2 1.8 1507 1622 38 64 249 246 1283 2468jets on W side pT <60 GeV 0.8 1.5 1220 1305 30 52 168 156 921 1825jets on H side pT <60 GeV 0.8 1.4 1004 1079 25 44 120 113 712 1434one subjet b-tagged 0.7 1.3 132 138 5.5 11 73 61 67 140both subjets b-tagged 0.35 0.6 2.2 3.2 1.5 3.8 5 3 6 6112 GeV < mass(H) < 136 GeV 0.19 0.46 0 0.4 0 0.4 3 0 0 0.8Table C.4: The table shows the expe
ted events going through the sele
tion at ea
h stage for the referen
esignal and the remaining ba
kgrounds, starting from the pT (e/µ) 
ut, separately for ele
trons and muons fromthe W boson. The numbers are proje
ted to 30 fb−1 of 
olle
ted data.It 
an be noti
ed that around half the signal events is based on the identi�
ation of a high

pT muon from the W boson, while the other half is based on a high pT ele
tron. The patternis very similar in all the main ba
kgrounds.C.4.2 Comparison of analysis sele
tion on signal eventsIn this subse
tion, the ability of ATLFAST-II in des
ribing the Higgs boson 
andidate kine-mati
 and e�
ien
ies 
orre
tly will be analysed, by using event samples based on the WHsignal (mH = 120 GeV). Table C.5 shows the proje
ted number of events in 30 fb−1 passingthe single sele
tion 
uts, in both the ATLFAST-II and full simulation event samples, togetherwith a ratio illustrating their 
ompatibility.The overall signal e�
ien
y in ATLFAST-II is (11 ± 7)% higher than in full simulation,after the full loose sele
tion, ex
ept for the mass window 
ut, is applied. Starting from theevents whi
h passed the generator �lter sele
tion, the spe
ial jet 
lustering pro
edure outlinedin Se
tion 7.4 is applied, where exa
tly one jet 
andidate with pT > 200 GeV splitting in a



C.4 Comparison betwen ATLFAST-II and full simulation 317WH(120) ATLFAST-II WH(120) FullSim RatioAfter �lter 
uts 1253 ± 8 1253 ± 12 1.00 +/- 0.011 Higgs 
andidate 569.7 ± 3.0 542.8 ± 4.6 1.05 +/- 0.01�ltered pT > 200 GeV 512.7 ± 3.2 490.2 ± 4.8 1.05 +/- 0.01
Emiss

T > 30 GeV 362.4 ± 3.2 353.5 ± 4.8 1.03 +/- 0.02
pT(W) > 200 GeV 171.0 ± 2.6 164.4 ± 3.8 1.04 +/- 0.03
pT(e/µ)>30 GeV 145.6 ± 2.4 137.3 ± 3.6 1.06 +/- 0.03

pT(additional µ)<10 GeV 144.6 ± 2.4 136.6 ± 3.6 1.06 +/- 0.03
pT(additional e)<10 GeV 142.9 ± 2.4 134.1 ± 3.5 1.07 +/- 0.03

∆φ(W,H)> 2
3
π 142.2 ± 2.4 133.1 ± 3.5 1.07 +/- 0.03no additional b-jets pT >15 GeV 130.6 ± 2.3 119.3 ± 3.4 1.09 +/- 0.04jets on W side pT <60 GeV 115.7 ± 2.2 107.0 ± 3.2 1.08 +/- 0.04jets on H side pT <60 GeV 102.7 ± 2.1 95.1 ± 3.0 1.08 +/- 0.04one subjet b-tagged 91.4 ± 2.0 85.9 ± 2.9 1.06 +/- 0.04both subjets b-tagged 45.6 ± 1.4 41.2 ± 2.1 1.11 +/- 0.07loose �t 
uts 45.4 ± 1.4 41.0 ± 2.1 1.11 +/- 0.07112 GeV < mass(H) < 136 GeV 29.8 ± 1.2 27.0 ± 1.7 1.10 +/- 0.08Table C.5: The table shows the expe
ted number of events going through the sele
tion at ea
h stage for thesignal produ
ed through ATLFAST-II 
ompared to full simulation. The numbers are proje
ted to 30 fb−1 of
olle
ted data.su�
iently symmetri
 way in two nearby lying jets is required to exist in the event. Thisyields the �ltered mass distribution of Fig. C.9. No lepton in the event is required yet.
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Figure C.9: Comparison of �ltered mass of Higgs boson 
andidate (in GeV) for the WH signal produ
edwith ATLFAST-II and full simulation. The distributions are normalized to an integrated luminosity of 30fb−1.Sin
e no 
onstraint is applied at generator level to the signal events to for
e the W boson tode
ay into a lepton and a neutrino, a se
ond mass peak is visible on the left of the Higgs bosonmass peak, 
orresponding to a W boson de
aying hadroni
ally. These events are, however,removed in a later stage of the analysis sele
tion.In ATLFAST-II 5 ± 1% more mono-jets representing Higgs boson 
andidates are found.However, the invariant mass distribution is reprodu
ed fairly well; ATLFAST-II shows aslightly in
reased right shoulder in the Higgs boson mass, whi
h is not 
ompletely trivialto explain only by the slightly di�erent jet energy s
ale 
alibration in ATLFAST-II withrespe
t to full simulation, whi
h was illustrated in Se
tion 7.9. In order to understand towhat kinemati
 region for the Higgs boson 
andidate this 
orresponds to, Fig. C.10 shows



318 C WH analysis: further detailsthe �ltered pT distribution in 
ase the Higgs boson mass is between 100 and 150 GeV, whileFig. C.11 shows the distribution for the ∆R between the two highest pT subjets and theasymmetry parameter y =whi
h triggers the splitting 
ondition during jet 
lustering, in thesame Higgs boson mass window. Again, no requirement on the W boson side is applied yet.The di�eren
e is mainly in 
andidates 
lose to the 200 GeV pT threshold, 
orresponding toa larger aperture between the two Higgs subjets ∆R and a more symmetri
 
on�guration ofthe two subjets. This is however also the region whi
h is most a�e
ted by small 
hanges tothe jet energy s
ale, due to the pT 
ut at 200 GeV: it is therefore not ex
luded that a properjet energy 
alibration of the subjets in ATLFAST-II would solve this in
onsisten
y.
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Figure C.10: Comparison of �ltered pT of Higgs boson 
andidate (in GeV) for the WH signal produ
ed withATLFAST-II and full simulation. The distributions are normalized to an integrated luminosity of 30 fb−1.
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Figure C.11: Distributions for ∆R (left) and d0 (yclust) between the two highest pT subjets of the Higgsboson 
andidate. The distributions are normalized to an integrated luminosity of 30 fb−1.The Emiss
T distribution, normalized to the number of entries in the histogram, is shown inFig. C.12, after applying the Higgs boson 
andidate sele
tion: for ATLFAST-II it has moreentries at lower Emiss

T values, most probably be
ause a lower pT Higgs boson 
orresponds toa lower pT ba
k to ba
k W boson.Fig. C.13 shows the pT distribution for the pT of the hardest lepton, for ele
trons (on theleft) and for muons (on the right), again straight after the Higgs boson sele
tion. Sin
e these
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Figure C.12: Comparison of Emiss
T in the event for the WH signal sample produ
ed with ATLFAST-IIand the 
orresponding one produ
ed with full simulation. The distributions are normalized to an integratedluminosity of 30 fb−1.distributions are again normalized to the number of their respe
tive entries, they hide thee�e
t of the di�erent e�
ien
y for the two di�erent lepton families: at the point where the
ut on the pT of the leptons is applied, in the ATLFAST-II sample (49.2 ± 0.9)% of theevents 
ontain an ele
tron, the remaining ones a muon, while in the full simulation sample

(48.7 ± 1.4)% of the events 
ontains an ele
tron, the remaining ones a muon. Applying the
omplete Higgs boson 
andidate sele
tion de
reases the statisti
s signi�
antly, so that a proper
omparison of the ele
tron and muon e�
ien
ies is not possible. However this 
omparisonwas performed already in Se
tion C.4.1. A

ording to it, the muon e�
ien
y is expe
ted tobe 
omparable in ATLFAST-II and in full simulation, while the ele
tron e�
ien
y (mediumquality ele
tron identi�
ation requirement) is expe
ted to be higher in ATLFAST-II by afa
tor (3.2 ± 1.0)%.
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Figure C.13: Distributions for the pT of the hardest lepton in the events, for ele
trons (left) and for muons(right), after the Higgs boson sele
tion 
uts have already been applied. The distributions are normalized toan area of one.Fig. C.14 shows the ∆φ(Higgs,W ) variable, after both Higgs and W bosons sele
tions areapplied. The two distributions agree well in the limit of the available statisti
s. Fig. C.15shows the 
omparison for the pT of additional b-jets in the event.
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Figure C.14: Comparison of ∆φ(Higgs,W) in ATLFAST-II and full simulation, after the Higgs and W bosonssele
tion 
uts have been applied. The distributions are normalized to an area of one.
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Figure C.15: Comparison of pT(add b-jet) variable (in GeV) in ATLFAST-II and full simulation, after allprevious sele
tion 
uts have been applied. The distributions are normalized to an area of one.



C.4 Comparison betwen ATLFAST-II and full simulation 321Fig. C.16 shows the 
omparison for the pT(additional jet) distribution, where the additionaljet is on the side of the W boson (left) or on the side of the Higgs boson (right). All sele
tion
uts before the light jet veto are applied for both distributions. The agreement is reasonablein both 
ases.
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Figure C.16: Distributions for pT of the hardest additional jet (in GeV) on the W boson side (left) and onthe Higgs boson side (right) for ATLFAST-II and full simulation. Distributions are normalized to the numberof entries.Fig. C.17 shows the 
omparison for the b-weight distribution, after initial Higgs and Wbosons sele
tion and after the ∆φ > 2
3 requirement. The jet vetoes are not applied in order toin
rease the available statisti
s. The distributions agree very well, as is expe
ted sin
e bothsimulations make use of the full GEANT4 simulation of the inner dete
tor.
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Figure C.17: The distributions for maximum and minimum b-weight of the two subjets, for both ATLFAST-IIand full simulation. Distributions are normalized to the number of entries.Fig. C.18 shows the b-weight distribution of the third subjet, after initial Higgs and Wbosons sele
tion, after the ∆φ > 2
3 
ut and after the b-tagging requirement is applied on the�rst two subjets.Finally Fig. C.19 shows the �ltered mass distribution just after the initial W and H bosonsele
tion and the ∆φ(W,H) 
ut (left) and after all sele
tion 
uts of the loose sele
tion. Theexpe
ted number of events in 30 fb−1 is shown.
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Figure C.18: Comparison of the b-weight of the third subjet in ATLFAST-II and in full simulation. Thedistributions are normalized to the number of entries.
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Figure C.19: The distributions for the �ltered mass before b-Tagging and jet veto 
uts (left) and afterwards(rights). The distributions are normalized to an integrated luminosity of 30 fb−1.



C.4 Comparison betwen ATLFAST-II and full simulation 323In order to 
ompare the shape of the invariant mass distribution in ATLFAST-II and fullsimulation, the �nal mass distribution is also shown after normalizing it to the total numberof events in Fig. C.20. In addition a Gaussian �t is performed iteratively, until the ±1.5σregion around the �tted mean stabilizes and remains equal to the interval 
hosen for the �t.Apart from a small overall shift to higher values, due to the di�erent 
alibration of the jetenergy s
ale (the means of the Gaussian �t turn out to be µ(ATLFAST-II)= 123.0 ± 0.4,
µ(full simulation)= 121.5 ± 0.7), the shape of the Higgs boson invariant mass is reprodu
edvery well in ATLFAST-II and the resolutions are 
ompatible.In the limit of the available statisti
s of the signal samples used for the present 
omparison,the overall analysis e�
ien
y for signal events produ
ed with ATLFAST-II agrees reasonablywell with full simulation. The small dis
repan
y between ATLFAST-II and full simulationseen in the earlier steps of the analysis sele
tion 
an be 
orre
ted for taking into a

ount thefollowing dis
repan
ies:

• A redu
ed Higgs mono-jet re
onstru
tion e�
ien
y by (−5 ± 1)%

• A redu
ed ele
tron e�
ien
y by (−3.1 ± 1.4)%, 
orresponding to an overall redu
ede�
ien
y by ≈ −1.5%These 
orre
tion fa
tors are taken into a

ount in the likelihood �t based analysis des
ribed inthe Chapter 8. In the �rst 
ase, the very 
onservative hypothesis will be made that this ine�-
ien
y a�e
ts only the signal sample. It is however worth mentioning that a proper jet energys
ale 
alibration in ATLFAST-II is not unlikely to solve the �rst of the two in
onsisten
ies.
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Figure C.20: Comparison between the �nal mass distribution (in GeV) for signal as produ
ed withATLFAST-II 
ompared to full simulation.



D WH analysis: �t based approa
hD.1 Cross-
he
k of 
orrelationsOne of the 
ru
ial assumptions made in the WH �t based analysis analysis is the requirementthat the distributions of the dis
riminant variables used in the likelihood fun
tion, separatelyfor ea
h signal and ba
kground 
omponent, are un
orrelated. As illustrated in Se
tion 8.2.3,the linear 
orrelation values seem to be all smaller than around ≈ 12%, however a moredetailed 
ross-
he
k is needed, sin
e in prin
iple more 
omplex 
orrelations between variables
an appear, su
h that they result in a negligible linear 
orrelation. This is the s
ope of thisappendix.The main signal and ba
kground 
ontributions are 
onsidered separately. Given a 
ertaindis
riminating variable, the likelihood ratio is 
omputed on an event basis, based on thede�nition 
ontained in Eq. 8.21, where the dependen
e of the likelihood fun
tion on thevariable of interest has �rst been integrated out. This likelihood ratio provides then theoptimal dis
rimination between signal and ba
kground, based on all remaining variables:
ombining on an event basis this likelihood ratio with an additional likelihood ratio basedex
lusively on the variable of interest would provide the same dis
riminating power as theoriginal likelihood fun
tion. If the above de�ned likelihood ratio is un
orrelated with thedistribution of the variable of interest, then the e�e
t of 
orrelations between this variablesand the remaining �t variables 
an be 
onsidered as negligible.The likelihood fun
tion used here does not in
lude the Poisson term and is 
omputed ona single event basis: its parameters and yields are �xed to the values determined in the �tperformed on the mixed Monte Carlo sample, as shown in Table 8.8. The 
orrelation betweenthe likelihood ratio and the variable of interest is 
ross-
he
ked in the following way: given a
ertain variable of interest and a 
ertain signal or ba
kground 
omponent, the Monte Carlosample is subvided in two equal regions, by applying a 
ut on the likelihood ratio, one is 
alledsignal like (LR >
ut value), the other is 
alled ba
kground like (LR <
ut value), then thedistribution for the variable of interest is analysed and 
ompared in the two di�erent regions.If the 
orrelations are negligible, the two distributions must be 
ompatible within statisti
s.The ratio between the two distributions is shown in order to evaluate the 
ompatibility ofthe two distributions: in addition, the result of a Kolmogoro�-Smirnov test of 
ompatibility,applied dire
tly on the original unbinned distributions, is also quoted.In the following the results are shown. For all signal and ba
kground 
omponents and allvariables of interest, in the limit of the available statisti
s, the more signal and ba
kgroundlike distributions agree fairly well. Clearly for some of the samples a higher Monte Carlostatisti
s would be highly desirable.
324
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Figure D.1: WH signal: (Left) Distribution for the invariant mass of the Higgs 
andidate, in the most signaland ba
kground like regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.2: WZ ba
kground: (Left) Distribution for the invariant mass of the Higgs 
andidate, in the mostsignal and ba
kground like regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.3: Top pair ba
kground: (Left) Distribution for the invariant mass of the Higgs 
andidate, in themost signal and ba
kground like regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.4: Single top ba
kground: (Left) Distribution for the invariant mass of the Higgs 
andidate, in themost signal and ba
kground like regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.5: Wbb̄ ba
kground: (Left) Distribution for the invariant mass of the Higgs 
andidate, in the mostsignal and ba
kground like regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.6: WH signal: (Left) Distribution for the pT of additional jets in the event, in the most signal andba
kground like regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.7: WZ ba
kground: (Left) Distribution for the the pT of additional jets in the event, in the mostsignal and ba
kground like regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.8: Top pair ba
kground: (Left) Distribution for the the pT of additional jets in the event, in themost signal and ba
kground like regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.9: Single top ba
kground: (Left) Distribution for the the pT of additional jets in the event, in themost signal and ba
kground like regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.10: Wbb̄ ba
kground: (Left) Distribution for the the pT of additional jets in the event, in the mostsignal and ba
kground like regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.11: WH signal: (Left) Distribution for the b-tagging weight, in the most signal and ba
kgroundlike regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.12: WZ ba
kground: (Left) Distribution for the b-tagging weight, in the most signal and ba
k-ground like regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.13: Top pair ba
kground: (Left) Distribution for the b-tagging weight, in the most signal andba
kground like regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.14: Single top ba
kground: (Left) Distribution for the b-tagging weight, in the most signal andba
kground like regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.15: Wbb̄ ba
kground: (Left) Distribution for the b-tagging weight, in the most signal and ba
k-ground like regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.16: WH signal: (Left) Distribution for the ∆η(W, H) variable, in the most signal and ba
kgroundlike regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.17: WZ ba
kground: (Left) Distribution for the ∆η(W, H) variable, in the most signal and ba
k-ground like regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.18: Top pair ba
kground: (Left) Distribution for the ∆η(W,H) variable mass of the Higgs 
andi-date, in the most signal and ba
kground like regions of the �t. (Right) Corresponding ratio of distributions.
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Figure D.19: Single top ba
kground: (Left) Distribution for the ∆η(W, H) variable, in the most signal andba
kground like regions of the �t. (Right) Corresponding ratio of distributions.

(W,H)η∆
−3 −2 −1 0 1 2 3

E
ve

nt
s

0

20

40

60

80

100

120

140

160 signal like

bkg like

(W,H)η∆
−3 −2 −1 0 1 2 3

R
at

io

1

K−S test: 82 %

Figure D.20: Wbb̄ ba
kground: (Left) Distribution for the ∆η(W,H) variable, in the most signal andba
kground like regions of the �t. (Right) Corresponding ratio of distributions.
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