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A ma famalia.
Por ser stempre el mejor apoyo posible.



“Science and industry, knowledge and application, discovery and
practical realization leading to new discoveries, cunning of brain and
of hand, toil of mind and muscle — all work together. Fach
discovery, each advance, each increase in the sum of human riches,
owes its being to the physical and mental work of the past and the
present. By what right can anyone whatever appropiate the least
morsel and say — This is mine, not yours?”

Piotr Kropotkin, The Conquest of Bread.

“We are at the very beginning of time for the human race. It is not
unreasonable that we grapple with problems. But there are tens of

thousands of years in the future. Our responsibility is to do what we
can, learn what we can, improve the solutions, and pass them on.”

Richard P. Feynman

L“Ciencia e industria, saber y aplicacién, descubrimiento y realizacién practica que conduce
a nuevas invenciones, trabajo o cerebral y trabajo manual, idea y labor de los brazos, todo
se enlaza. Cada descubrimiento, cada progreso, cada aumento de la riqueza de la humanidad,
tiene su origen en el conjunto del trabajo manual y cerebral, pasado y presente. Entonces, con
qué derecho alguien puede apropiarse la menor particula de ese inmenso todo y decir: ‘Esto es
mio y no vuestro”

2 “Estamos al principio de los tiempos para la humanidad. No es poco razonable que lidiemos
con problemas. Pero quedan decenas de miles de anos por delante. Es responsabilidad nuestra
hacer lo que podamos, aprender lo que podamos, mejorar las soluciones y transmitirlas a las
generaciones siguientes.”
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Introduccion

La construccién del LHC en el CERN (Ginebra) tiene como finalidad, de una parte
la busqueda del bosén de Higgs, de otra permitir comprobaciones experimentales
del modelo estandar (SM) a energias y con precisiéon nunca hasta ahora alcanzadas
y finalmente llevar a cabo bisquedas més alla del modelo esténdar (BSM). Estas
ultimas han permitido empujar los limites inferiores para las masas de particulas
predichas en la mayoria de los modelos BSM por encima del TeV. Dos grandes
detectores multipropésito, ATLAS y CMS, han sido construidos para llevar a
cabo este ambicioso programa.

El descubrimiento del bosén de Higgs supone sin duda alguna, uno de los hitos
mas importantes en la historia de la Fisica de Particulas Elementales. Otro de
los campos donde la precision alcanzada no tiene parangédn es el estudio de los
estados finales con quarks top producidos a pares o en solitario.

Una de las posibles contribuciones que puede aportar la experimentacion en el
LHC en el campo de la Fisica del quark top es la de medir directamente los
elementos de la matriz de Cabibbo-Kobayashi-Maskawa que involucran a este
quark, en particular Vis. Ali et al (ABL, Phys. Lett. B 693 (2010) 44-51) han
publicado un estudio en el que proponen un método para la medida de este ele-
mento de matriz. Segun estos autores seria posible distinguir los estados finales
tt — WbWs del ‘fondo dominante’ tt — WbWb estudiando la produccién de
particulas extranas neutras en los chorros observados en los estados hadronicos
tt. En efecto las particulas extranas neutras serfan ‘leading’ en los chorros asoci-
ados a quarks s y serian subleading en los chorros iniciados por quarks b que se
desintegran secuencialmente segiin b — ¢ — s. Este estudio propone el uso de
un analisis multivariado en el que junto a la produccién de particulas extranas se
utilizan otras variables con poder discriminatorio entre quarks b y quarks s como
la existencia de posibles vértices secundarios o la de ‘soft leptons’. Los analisis
multivariados dependen naturalmente de las simulaciones Monte Carlo utilizados
para el proceso de ‘training’.

El estudio al que hacemos referencia es cualitativamente correcto, cuantitativa-
mente sin embargo, al ser un estudio a nivel generador, no es del todo realista.
El objeto de la presente tesis es doble.

e De una parte y como continuacién a la tesis del Dr. Javier Llorente, que
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midié los ‘jet shapes’ para chorros etiquetados como b y los ligeros y observé
que los primeros son mas anchos que los segundos, hemos estudiado a nivel
generador la mejora que aporta la introduccién de los ‘jets shapes’ en el
MVA propuesto por ABL. Estos estudios se presentaron en la ICHEP 2014
en Valencia,Nucl. Part. Phys. Proc. 273-275 (2016) 2761-2763. El capitulo
4 de la presente tesis se ocupa de estos resultados.

e De otra parte hemos estudiado, utilizando los datos de ATLAS a 7 TeV del
2011, la produccion de particulas extranas en los estados hadronicos finales
tt donde ambos tops se desintegran lepténicamente. Este estudio acaba
de ser aprobado por la colaboracién y publicado en EPJC, Eur. Phys. J.
C 79 (2019) 1017. Encontramos que las distribuciones cinematicas de las
particulas extranas como su momento transverso, rapidez, o energia relativa
a la energia del chorro vienen bien descritas por modelos Monte Carlo al uso
como POWHEG+PYTHIAG, POWHEG+PYTHIA8, MCQ@QNLO-+HERWIG,
POowWHEG+HERWIGT, aMCQNLO-+HERWIGT o SHERPA cuando se pueden
adscribir a chorros estas particulas extranas, independientemente de que es-
tos chorros estén o no etiquetados como b’s. Estos resultados refuerzan la
propuesta de ABL de utilizar un MVA para medir V,;. Mas aun encon-
tramos que la produccion de particulas extranas no asociadas a chorros no
estd bien descrita por los generadores al uso que la infraestiman en un 30
%. Estos datos por tanto servirdn para afinar los pardmetros que describen
la fragmentacion de las interacciones multipartonicas. El capitulo 5 de la
presente tesis contiene una descripcién completa de estas investigaciones.

Por completitud, y sin animo de originalidad, los tres primeros capitulos se ocu-
pan de resumir los aspectos mas relevantes del modelo estandar, capitulo 1, del
detector ATLAS y el LHC, capitulo 2, y de la reconstruccién de objetos (elec-
trones, muones, ‘jets’, b-jets, energia faltante), capitulo 3.

Viil
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Introduction

The LHC has opened up a new era in particle physics in as much it paved the
way for:

e the discovery of the Higgs boson, the missing piece in the so called standard
model (SM)

e pushing the lower limits for particles predicted in many beyond the standard
model (BSM) scenarios to values well above the TeV scale

e allowing precision measurements at unprecedented energies

This ambitious scientific program has been carried out with the construction of
two big multipurpose detectors: ATLAS and CMS.

The discovery of the Higgs boson is, no doubt, one of the most important mile-
stones in the history of particle physics. Another field where one can reach
unprecedented precision is in the study of the top quark.

With the advent of unprecedented statistics for top quark pair production, one
can think of directly measuring the Cabibbo-Kobayashi-Maskawa matrix elements
where the top quark is involved, in particular Vi,. Ali et al (ABL, Phys. Lett.
B 693 (2010) 44-51) made the proposal to determine this matrix element by
discerning the signal t¢ — WbWs final state from the dominant background
process tt — WbWb. This could be done by looking at neutral strange particle
production which turns out to be leading in s-quark jets while non-leading in
b-quark jets as b-quarks decay sequentially b — ¢ — s.

This proposal makes use of MVA techniques, with the possible existence of jet se-
condary vertices and soft leptons as additional variables with discriminant power.
Therefore this proposal is dependent on the good agreement between data and
Monte Carlo generators used in the training phase.

However the proposal we refer to is qualitatively right, but quantitatively is some-
what overoptimistic as it is based on generator level data. The aim of the present
thesis is twofold:

e on the one hand, as a continuation of the thesis presented in 2015 by Dr.
Javier Llorente, who measured b- and light-jet shapes in tf events, we have
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investigated the improvements in the performance of the MVA discussed
above when adding the jet shapes as a discriminant variable. This was
presented at ICHEP 2014 in Valencia, Nucl. Part. Phys. Proc. 273-275
(2016) 2761-2763. This is the basis for Chapter 4 in this thesis.

e on the other hand, we made use of the ATLAS data at 7 TeV taken in 2011,
to study neutral strange particle production in the dileptonic t¢ final states.
This study has been recently approved for publication by the ATLAS col-
laboration and published by EPJC, Eur. Phys. J. C 79 (2019) 1017. It is
found that neutral strange particle production embedded in jets, b-tagged
or not, is well described by current MC models like the following gene-
rators: POWHEG+PYTHIAG, POWHEG+PYTHIAS, MCQNLO+HERWIG,
PowHEG+HERWIGT, aMCQNLO-+HERWIGT or SHERPA. This lends su-
pport to the idea put forward by ABL that one could attempt to determine
Vs with a TMVA. Furthermore, neutral strange particles produced outside
jets, the dominant contribution, in understimated by current MC genera-
tors by 30 %. Thus, these data have the potential to help tune models for
MPI. This is summarised in chapter 5.

For the sake of completeness and without any pretension to originality, the first
three chapters are devoted to present the most relevant aspects of the SM, chapter
1, the ATLAS detector and the LHC, chapter 2, and the objects (leptons, jets,
missing energy) reconstruction, chapter 3.
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Chapter 1

Theoretical framework

A brief introduction to the Standard Model (SM) of Particle Physics is presented
in this chapter.

1.1 The Standard Model: A brief introduction

The Standard Model of Particle Physics [1, 2] is a quantum field theory [3] sum-
marising our present understanding of the interactions among the building blocks
of matter, excluding gravity. The dynamics of the SM is dictated by the symme-
try group SU(3)c x SU(2), x U(1)y. The first part, SU(3)¢, properly describes
the strong interaction, while the second SU(2), x U(1)y describes the electroweak
sector of the theory.

The elementary particles in the SM are divided into two main subgroups, fermions
and bosons. Fermions are the elementary constituents of matter, and have a
fractional spin. Bosons, with integer spin, are considered to be the force carriers.
Figure 1.1, which supersedes Mendeleev table, illustrates the elementary particles
and their interactions.

Fermions are classified into quarks and leptons. Quarks are subject to the strong
and electroweak interaction in as much they have fractional electric charge Q,
colour charge C, as well as weak hypercharge Y and no lepton number L. They
are the constituents of hadrons, in particular nucleons. Leptons have integer elec-
tric charge and lepton number as well as weak hypercharge, but no colour, and
therefore they are subject to the electroweak force.

The SU(3)c symmetry is exact and therefore the gauge bosons associated to the
strong interaction, gluons, are massless. In contrast the SU(2), x U(1)y is broken
and the electroweak bosons W* and Z have to be massive. In the Standard Model
they acquire mass according to the Higgs mechanism. And so do the fermions.
This symmetry breaking is introduced with the help of a new field ®, which trans-
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Figure 1.1: The fundamental constituents and their interactions in the Standard
Model.

forms as an SU(2) doublet and has a non-vanishing vacuum expectation value
v = (0|®|0) # 0.

1.1.1 Gauge symmetry and dynamics: QED as an exam-
ple

In order to discuss the relationship between symmetry and dynamics, let us con-
sider the lagrangian for a free fermion field:

Ly =V (iy"d, —m)¥ (1.1)

This lagrangian is obviously invariant under global phase transformations. How-
ever it is not invariant under local phase transformaions of the form:

U(z) = V' (x) = @ () (1.2)

If we want to preserve the invariance of the Lagrangian we must seek a modified
derivative D,, which transforms covariantly. One introduces a gauge field A, such
that defining D, as:

D, =0, —ieA, (1.3)
forces: .
A, — A+ gayw(x) (1.4)
The Lagrangian: B
Ly =V(i"D, —m)¥ (1.5)



is now invariant under local phase transformations as long as the gauge field A,
remains massless. If one identifies this gauge field with the photon field one shoud
add to the lagranfian its kinetic energy term. This kinetic energy term should be
also invariant under local phase transformations: Fj,, = 9,4, — d,A,. Thus we
are led to the following lagrangian for QED:

1 _
LQED = _ZF/WFMV —+ \I/(Z’)/'ul)‘u — m)\If (16)

The term in F*F,,, in Eq. 1.6 encodes the dynamics of the photon field. However,
for non-commutative groups such as SU(N), this term has more fundamental
physical consequences. The coupling of the gauge bosons with themselves, as
we will see in the next section, is encoded in the new terms arising from the
non-trivial structure constants of the group.

1.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the quantum field theory describing the
strong interactions [4] and it is based on the gauge group SU(3)s. Unlike QED,
whose Lagrangian has been described before, the Lie algebra su(3) associated
with the gauge group is non-commutative. The fundamental representation of
this algebra is given by the Gell-Mann matrices:

[0 10 L [0 =i 0 {1 00
)\1:5 1 00|, )\2:§ i 0 0 |, >\3:§ 0 -1 0
000 0 0 0 0 0 0
L0001 L0 0 —i L (000
>\4:§ 000 ], >\5—§ 00 0 |, )\6:5 001
100 i 0 0 010
L [0 0 0 . 10 0
MN=-100 —i |, X=—=[01 0 (1.7)
2\ 0 i o 2v3\ o 0 —2
They satisfy the following commutation relations:
[>\a7 )\b} = Z’fabCAc (18)

where fu. are the so-called structure constants of the group SU(3). In terms of
these matrices, the gauge transformation for a fermion field ¥, can therefore be
written as

Wy(z) = Wi(x) = > (M) Wi(x) (1.9)



where I'(z) = G, (z)A\* is an element of su(3) and the indices j, k cover all quark
flavours. The Lagrangian of the theory, which is left invariant by the transfor-
mations in Eq. 1.9, can be written as

Laop = 1 g F“”+Z\If iV Dy —m) Wy (1.10)

4,ul/a

where the indices j, k cover all quark flavours. The covariant derivative is defined
as:

D, =0,—ig.»_ G4(z)Ae (1.11)
and the field strength tensor is given by:

Fu = —[Dy, D,) = 8,Gy — 0,Gly + go fare GLGEN" (1.12)
Here, the vector fields GZ(Z‘) represent the gluons, the carriers of the strong
force, and have n = 8 degrees of freedom. The first term in 1.10 contains the self-
couplings of the gluon fields arising from the non-Abelian nature of the theory.
The strong coupling constant «; is the fundamental parameter of the theory,
giving the interaction strength in the vertices of the gluon-gluon and quark-gluon
couplings. This constant can be written in terms of the coupling g, in equation
1.11 as )
s

= 1.13
as =7 (1.13)

1.2.1 Running coupling constant

The value of a; is not constant, but rather depends on the energy scale () in-
volved in the interaction process. The dependence of the strong coupling constant
with the scale is very different to that of the fine structure constant. The strong
coupling constant grows as the scale becomes smaller i.e. at large distances,
this explains confinement, and decreases as the scale grows i.e.at short distances,
asymptotic freedom.

Let us consider a dimensionless observable R which depends on the energy scale
Q. If R is dimensionless, the dependence on () can only be achieved via the ratio
Q?/u?, where p is an arbitrary parameter introduced by the renormalisation
procedure. Because the QCD lagrangian 1.10 does not make explicit reference
on the parameter p, neither should any physical observable such as R. Thus, the
independence of R(Q*/u?, o) on p can be expressed as

) da, 0
S R(Q* /1%, ) = ,ﬁaﬂg + 5 9o, | B0 (1.14)




We can transform this equation into a more compact form by introducing the

notations 0 3
) _ 2005
With these definitions, Eq. 1.14 can be rewritten as
0 0 .

The running of the strong coupling constant «; is thus determined by the renor-
malisation group equation
Oa Ox
2 S S
o) = = 1.17
Here, the function f(ca;) can be expanded in perturbation theory as a power series
in o

Blay) = —a2(By + Bras + fac + O(a)) (1.18)

The coefficients ; in Eq. 1.18 are extracted from the higher order corrections to
the vertices of the theory. Fig. 1.2 shows the one-loop diagrams contributing to
the leading-order (LO) f function

e e

Figure 1.2: Graphs contributing to the S function in the one-loop approximation.

The result for the coefficients up to two loops is given by [5]

2 1 38
- |11=2 : = —— (102 — — 1.19
o= 115|102 119
In the one-loop approximation, i.e. keeping only the first term in the power
expansion 1.18, the differential equation 1.17 can be integrated out, leading to
the solution )

2y Ofs(Qo)

as(Q7) = -
1+ Boars(QF) log (%g)

which relates the values of o, at two scales scale ) and )y. Let us define the
QCD scale Agep as

(1.20)

1
A(QQCD = Q(Q) exp {_—50%(623)] (1.21)



Then, equation 1.20 can be rewritten in terms of Aqcp as

2 _ 1
T ()

For completeness, the two-loop expression for a,(Q) in terms of Agep is also
quoted [5, 6]

(1.22)

s (Q?) = — [1—ﬁ—log(logz)}; R (1.23)

"~ Bylogz B2 logz N A(QQCD
The running of a, has been tested by many experiments in ete™, ep and hadron-
hadron colliders as illustrated in Figure 1.3.

April 2016
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Figure 1.3: The running of the strong coupling o, as a function of the scale Q.
The shaded band represents the theoretical calculation, while the data points
represent several measurements used as input for the 2016 a5 world average [6]

1.2.2 Proton structure: Deep inelastic scattering

The classical way to photographing a charge distribution is by scattering an
electron beam off it. Thus, the internal structure of the proton has been studied
in detail in deep inelastic scattering (NC DIS), [7], see Figure 1.4.



Figure 1.4: Electron-proton deep inelastic scattering

The process occurs via the exchange of a virtual photon v* or a Z boson with
momentum ¢. This neutral current is absorbed by a parton carrying a fraction x of
the proton momentum. The struck parton develops into a jet whose properties are
measured by the detector. The scattered electron can also be detected, measuring
its final energy and momentum, thus allowing us to determine the scale Q* = —¢?
relevant for the process. The observation in the early 60s of precocius scaling by
the SLAC-MIT experiment brought the first evidence that protons are made of
spin 1/2 fermions [8].
The DIS cross-section can be expressed in terms of a set of three Lorentz-invariant
observables 0 0

Q" =—¢" = (K - k)% =op ) VT (1.24)
where s is the squared center-of-mass energy of the electron-proton system. In
terms of these 3 variables, the double-differential NC DIS cross section takes the
form

d*o dra® [, y?

where Fj(z, Q?) are referred to as the structure functions of the proton. These are
related to the probability that a quark interacts with the neutral current boson
and are given by

File, @) = 5 3 [, @) + fao, Q)] (@) (1.26)
Fala, @) =2 Y [Fu (. @) + £ (.@%)] € (@) (1.27)
F3<:C> Q2) = Z [fqi(x7 QZ) - f(ii(xv QQ)} in(QQ) (1‘28)

)



The coefficients C,,, D,, are functions of the weak angle 0y, the weak isospin
Ty and the propagator P(Q?) [4]. The functions f;(z, Q%) are called parton dis-
tribution functions (PDFs) and can be interpreted as the probability of finding
different parton flavours, quarks or gluons, with a fraction x of the proton mo-
mentum at a given scale Q2.

1.2.3 The DGLAP evolution equations

QCD does not predict the parton distribution functions analytical form but
rather their evolution with the energy scale Q2. The Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations [9] describe this scale evolution of the PDFs
for both quarks and gluons as a convolution f ® P of the PDFs at the present
scale configuration with the DGLAP kernels P,;(z). They can be written as

0fa (. Q%) _ as(@) ['dE x T
)10 [ e (2) s ()] 0

8?;12285 ) aséf;22> / % [Z Jul€. QD Py, (g) 16 Q)P (g)] (1.30)

Equation 1.29 describes the scale evolution of the i-th active flavour quark density
inside the proton, while 1.30 describes the running of the gluon PDF'. The splitting
functions P,,(z) parametrise the probability of a parton b emitting a parton a with
momentum fraction z via the processes ¢ — ¢qg (gluon radiation), g — ¢g (pair
production) or ¢ — gg (gluon splitting). The LO diagrams for these processes
are illustrated in Figure 1.5.

q [zP] q [2P] 9 [2P]

g [P] g [P]

Py() Pyy(2)

g [(1—2)P] ql(1—-2z)P] g [(1—2)P]

Figure 1.5: Leading-order diagrams contributing to the parton splitting functions.

The parton splitting functions can be expressed as a power series in the strong
coupling constant a

A

Pilz) = PP () + (5

) P () + 0(a?) (1.31)



The leading order contributions were calculated in Ref. [9], and are given by

PO() = Cp {% 251~ z)] (1.32)

Pi9(z) = Cr {M} (1.33)

PO(z) =Tg [2* + (1 — 2)?] (1.34)

Py () =2C4 {(1 _ZZ)+ 1 = Z 41— z)] +5(1 — )1 _64NfTR (1.35)

where factors of the form (1 — 2)~! have been regularised by reinterpreting them
as distributions defined in the following way

LS _ QS
/0 m:/o 1fde—/O log(1 )d d (1.36)

z

1.2.4 PDPFs and the factorisation theorem

In order to extract the PDFS defined in the previous subsection, fits are performed
to the DIS data at a given scale %, which in the case of HERAPDF discussed
here is taken to be Q2 = 1.9 GeV2. This ensures that the starting scale is below
the charm mass threshold. An educated guess for the parametrical form of the
PDFs at the fixed scale Q2 is chosen to be [10]

vf(z) = AP (1 — 2)°(1 + Ex?) (1.37)

The initial choice of these parameters for the gluon zf,(z) and valence quarks
zf,, (z) yields

vf,(r) = AgxPi(l—2)% (1.38)
zf,,(2) = Ay P (1 —2)% 1+ B, 2% (1.39)
wfa,(x) = AgaPi(l— ) (1.40)

Once the PDFs are determined at the scale Q3, their form at an arbitrary scale
Q? > Q3 is derived by solving the DGLAP equations at next-to-leading order
(NLO) or next-to-next-to-leading order (NNLO). Figure 1.6 (left) shows the
HERAPDF1.0 fits at Q> = 10 GeV?, together with the experimental, model
and parametrisation uncertainties. In the right part of Figure 1.6, the PDF's are
evolved at Q% = 10000 GeV?, i.e. at the energy scale relevant for hadron colliders
as Tevatron or the LHC, using the DGLAP equations up to NNLO [O(a?)].
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Figure 1.6: The HERAPDF parton distribution functions z f(x, Q?) as a func-
tion of x for valence quarks, gluons and sea quarks obtained for different values
of the interaction scale Q?. The gluon and sea PDFs have been scaled down by
a factor of 20 [10]

The parton distribution functions are relevant in the calculation of hadron-hadron
cross sections o(pp — X) from the partonic process d(ij — Y). This can be so
done because of the factorisation theorem which states that the perturbative and
non-perturbative contributions to the physical cross sections in hadron-hadron
collisions can be separated [11].

Thus, the differential cross-section for a given process in a hadron-hadron colli-
sion can be calculated as the convolution of the partonic cross section ¢;; with
the parton distribution functions, after summing over all possible initial-state
configurations:

do ! ! do; Q?
_ d dzs f; 2y f. 2y 7Y s 2y, = 1.41
_dX E” /0 561/0 T2 f, (fIJbMF)fy(ﬂ?Q,MF) X (351,552,04 (,MR)> MQR) ( )

where X is any physical observable. The parameters ur and pp are the renor-
malisation and the factorisation scales.

1.3 Electroweak interactions

1.3.1 Weak charged currents

Weak interactions are responsible for nuclear beta decay, for 77 — [Ty, with [T =
et, ut or for the sequential decay put — etv.v,. Fermi (1932) postulated that

10



nuclear beta decay could be described as a contact interaction between two vector
weak currents responsible for the metamorphose n — p and 1, — [. However,
this ansatz was able to explain the lepton energy spectrum but not their angular
distributions, as shown by the famous Wu C0% experiment in 1956. In fact,
this experiment did show that parity was violated maximally. Feynman and
Gell-Mann and independently Sudershan and Marshak found that the correct
description could be recovered by giving the weak current a V-A structure:

gy = XL WuTEXL (1.42)

where x, = (7 [7)r, the subscript L is used to denote left-handed spinors and
record the V-A nature of the charged currents, and 7 refers to the Pauli matrices.
Weak interaction amplitudes were thought to be of the form:

4G p
where G is Fermi’s constant.
This ansatz however violates unitarity. Already in the 60s people thought that
the Fermi modified model for weak interactions could be the low energy limit of
a theory where charged current interactions were mediated by a massive gauge

boson W¥, such that:

g 1 g
M=-"2J,———-2Ji 1.44
\/5 I MI%V _ q2 2 1% ( )
where g is a dimensionless weak coupling, ¢ is the momentum carried by the weak
boson, and My, denotes its mass.

The following relation should hold:

Gr g’

V2 8M
So in the late 50s leptons and quarks participated in weak interactions through
charged V-A currents constructed from the following pairs of fermion states: (v,
e), (v, ) and (u d). In 1963, Cabibbo in order to explain the decay K+ — putv,,
while preserving the universality of the Fermi coupling, postulated that the u
quark couples to the following admixture:

(1.45)

d =d cosbc+ s sinbc (1.46)

This introduces an arbitrary parameter ¢, the quark mixing or Cabibbo angle,
which turns out to be approximately 13°.
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The true relevance of the Cabibbo angle was understood by Glashow, Iliopoulos
and Maiani who in order to further explain the experimentally observed sup-
pression of strangeness changing neutral currents postulated the existence of a
new quark, charm (c), such that the following modification of the charged weak
current is postulated (GIM mechanism):

pra— < cosflo sme(,) < d ) (1.47)

—sinfc  cosbc S

sinOc W~ B
S —m e NNV —— M
I_(O uy JLVM
a—<—u/vvvv\m—<— +
+ W
cosf W
cosOc w—
S ——e " NNNNB—>——— M_
7 cy 4
K _ AV,
d —<—ao v ne—e—— | F
] S wu
-sinBc W

Figure 1.7: Feynman diagrams of K° — ptpu~.

The discovery of the third generation of leptons (7 lepton at SPEAR) and quarks
(bottom (b) quark at Fermilab) let to Kobayashi and Maskawa to the well known
generalisation to a 3x3 quark mixing matrix, the Cabibbo-Kobayashi-Maskawa
(CKM) quark mixing matrix Veogar [12, 13]:

Vud Vus Vub
Verm = | Vea Ves Va (1.48)
Viae Vis Vi

The subsequent measurement at SLD and LEP of the Z boson width, which
determined the number of families to be three, made further generalisations of
the CKM matrix to higher dimensions not necessary. It can be seen that a 3 x 3
unitary matrix is given in terms of three real parameters and a phase. In the
Wolfenstein parametrisation [14]

1—1)2 A AN3(p —in)
AN(1 — p—in) —AN*(1+iN%n) 1
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where A, A\, p and 7 are the Wolfenstein parameters. They are determined from
experimental data on weak decays as it will be discussed later. The most up to
date values are: \ = 0.22453 4- 0.00044, A = 0.836 + 0.015, p = 0.12270513 and
n = 0.35513012,

Since Vg is unitary, the complex vectors asssociated with its rows or columns
must be orthonormal, this can be expressed pictorially with the well known uni-
tarity triangles in the complex plane. The most interesting of the unitarity re-
lations is V, Vg + V3 Vea + Vi3 Via = 0 which is represented in Figure 1.9. This
is in excellent agreement with the SM. Thus, though the SM does not explain
the origin of CP violation, it explains the pattern of CP violation observed in the
strange and B meson systems.
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Figure 1.8: Theoretical (top) and experimental (bottom) representations of one
of the unitary triangle relationship from the Vg ps matrix [6].

1.3.2 Electroweak unification

The weak charged currents discussed above suggest a possible SU(2)y, structure
in which the third component of this triplet should be of the form:

gy = XLYuTsXL (1.50)

This idea was very bold at the time because no neutral weak currents of the type
v,e — vue or v,p — v,p. However, the discovery by Gargamelle in 1963 of this
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type of processes gave further support to these ideas. Experimentally, it is found
that the weak neutral current has a small right-hand component so that it is not
possible to ascribe it to the ij in the equation above. S. Glashow’s idea was to
build a mixture of Jl‘j’ and 7" (electromagnetic current) in such a way that the
Gell-Mann and Nishijima rule is preserved i.e.:

-em 1 .
J=J + §g}[ (1.51)

where j is a new hypercharge (Y) current.
S. Weinbeg and A. Salam extended this idea and proposed that the electroweak
interaction Lagrangian be written as:

/

Line = —ig(J ) W? — i%(jy)“Bu (1.52)

The fields Wi = \/g (W) F iW?) should be associated with the charged weak

bosons and the two neutral fields Wj and B, should mix as:

A, cosOy  sinby B,
- (1.53)

Zy —sinby  cosBy, Wj’

with @y such that JY¢ = J% — sin®6yj™. The vector and axial-vector coupling
constants of a fermion pair f to the Z° should be:

ol = T3 — 25in* 0w Q; (1.54)
=1} (1.55)

with T})’ being the third component of fermion f weak isospin. In order that
electrodynamics is properly incorporated into this electroweak interacion the fol-
lowing relation has to hold gsinfy = ¢'cosby = e. Fermi’s constant G and g
should satisfy the following relation:

Gr g’

V3 TR
while the relative coupling of the neutral weak currents with respect to the
charged ones is given by the so called p parameter:

My
MZ2cos?Oy
Since the W* and Z bosons should be massive, the SU(2);, ® U(1)y symmetry
must be broken. In the GWS model this symmetry breaking is enforced via the

introduction of a Higgs potential. In 1973 M. Veltman and G. t'Hooft proved
that the GWS theory is renormalizable.

(1.56)

p= p =111 GWS to the lowest order. (1.57)
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1.3.3 Spontaneous symmetry breaking: The Higgs mech-
anism
The way to generate masses by spontaneous symmetry breaking can be very

easily illustrated with the following example. Let us consider a scalar field in the
potential (V)

1 1

L — _1 a (b 2_ _1 ‘12(252 + _1 A(b4 1 9

Clearly this lagrangian is invariant under ¢ — —¢. The case p? positive is
uninteresting, it describes a self interacting scalar particle with mass p. The
ground state correspons to ¢ = 0 such that the vacuum is also invariant under
the symmetry operation discussed above.

The more interesing case occurs for p? negative. The potential has two minima:

¢ = v (1.60)

with

v=/—p2/\ (1.61)
One says that the symmetry has been spontaneously broken, as any of these two
minima are not invariant under the considered symmetry. Perturbative calcula-

tions can be carried out via expansions around one of these two minima. If one
writes

¢ =v+n(x) (1.62)
the lagrangian takes the expression

1 1
L= 5(8,”7)2 — \v?n? — donp® — Z—LAn‘l (1.63)

The field n has a correct mass term:

my = V2v? (1.64)

16



Wi, b0 e s o

|II |l|I
\\,_‘____f,/ S T

Figure 1.9: Representation of the scalar potential for different values of the pa-
rameters p and .

For the electroweak lagrangian the most economic choice to spontaneously break
the SU(2);, ® U(1)y symmetry is to introduce an isospin doublet with Y = —1:

¢(x) = ( f; ) (1.65)

with the familiar Higgs potential discussed previously. The choice for the vacuum

expectation value is:
170
w=y3(2) (1.66)

Expanding ¢(z) around this vacuum:

p) = \/g< U+(}[($) ) (1.67)

and sparing the reader the algebra which can be found in any textbook, one finds:

1
My = 59v (1.68)

My = 2X\0° (1.69)

with v = 246 GeV. The photon remains massless. The mass of the fermions
are not predicted. The coupling of the Higgs boson to fermions is found to be
proportional to their masses:

Hyp = —z’% (1.70)
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1.4 Monte Carlo predictions

In order to compare the experimental data with the theoretical predictions, Monte
Carlo (MC) generators are used to simulate events for a given physics process.
This simulation incorporates the calculation of the parton level cross section
0 at a fixed order in perturbation theory, with higher order corrections taken
into account with parton cascades. Non-perturbative effects are considered with
the help of hadronisation models. Multiple parton interactions must also be
implemented. This is illustrated in Figure 1.10

Figure 1.10: Sketch of a proton-proton collision, including the initial state partons
(blue), the underlying event (violet), the hard scattering process and subsequent
parton shower (red), and the final state hadrons (green). Figure taken from [15]

1.4.1 Parton showers

The parton shower algorithm takes into account higher order corrections to the
matrix element (ME) calculation in fixed order perturbation theory. It is driven
by the parton splitting functions 1.32 to 1.35 and implemented via Sudakov fac-
tors A(te,t;) [16]. This quantity represents the non-splitting probability of a
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parton between two scales t; and ts.

Consider the following simplified example, where the scale t is identified as the
time axis: If the splitting probability at a time ¢ is given by a function f(t)
and one requires that the splitting can only happen at the instant ¢ if it did not
happen for ¢’ < ¢, whose probability is N(¢'), then the splitting probability P(¢)
satisfies

d
PlH) = (1= N(1)) = TN (1.71)
Therefore, if the process starts at ¢ = 0 with N(0) = 1, the solution of 1.71 is
t
P(t) = f(t)exp [—/ f(s)ds} (1.72)
0

And therefore, the Sudakov factor A(ts,t1) with t; < ¢y is

Altaty) =1 — /tb P(s)ds = 1+ exp (— /Otf(s)ds)

1

<1 (1.73)

2]
t=t1

The parton showers can be angle or pr-ordered, depending on the chosen scale
t. In the first case, the angle of emission with respect to the incoming parton is
decreased in each step, while in the second, the parton transverse momentum is
decreased. The shower stops upon reaching a certain cut-off scale at which the
strong coupling constant becomes large. For the initial-state radiation, the scale
variation is reversed (angles and momenta are increased), while for final-state
radiation, the scales are forced to decrease in each step.

1.4.2 Hadronisation

The hadronisation is the process by which final state partons turn into final state
hadrons. This process is based on the parton-hadron duality hypothesis [17],
which establishes that, as hadronisation is a long-distance process involving only
small momentum transfers, the flow of momentum and quantum numbers at the
hadron level tends to follow the flow at the parton level. Thus for example the
flavour of a quark initiating a jet should be found in a hadron near the jet axis.
The angular distribution of a jet should be determined by the spin of the parent
parton.

The hadronisation process is simulated using two broad models, namely the Lund

string model [18] and the cluster model [19], which are schematically described
in Figure 1.11 and Figure 1.12

19



Figure 1.11: Schemes for the cluster (left) and the string (right) hadronisation
models [20]

e The Lund string model: The string model is most easily described for
the process ete™ — ¢¢. As the quark and antiquark fly in opposite direc-
tions, they lose energy to the colour field given by a stringlike configuration
between them. The string has a constant energy per unit length, as given
by a linear confining potential consistent with quarkonium spectroscopy.
As the quarks separate in phase space, this confinement potential increases
the energy of the string up to the mass threshold of a new ¢q pair. At this
point, the string is broken and the new ¢q pair gives rise to the formation
of hadrons. Gluon bremstrahlung is understood to simply produce a kink
as now two strings will be formed.

e The cluster model: The cluster model is based on the preconfinement
property of the shower, by which neighbouring colour connected partons
have an asymptotic mass distribution that falls steeply at high masses and
is aymptotically independent of % and universal. The method starts with
a non-perturbative splitting ¢ — q@, and follows with the association of ¢g
pairs into colour singlet combinations, which are assumed to form clusters.
These clusters decay into pairs of hadrons following an isotropic pattern.

1.4.2.1 Strangeness suppression in the hadronisation process

It is well known since the 60s that strange particles are produced in pairs in pp
or mp collisions with cros sections which are suppressed an order of magnitude
relative to those for non strange particles.

In the Lund fragmentation scheme, see the left hand side of Figure 1.12, this is
achieved with the help of a free parameter usually denoted by 7, = u/s which
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determines the probability to produce an ss pair in the string breakup. This
parameter, together with those determining the ratio of tensor and vector mesons
(baryons) to scalar ones (mesons), or o, giving the jet pr width, are fitted to data.
They show a residual dependence on c.m. energy and type of process, ete™ vs
€ D VS pp.

In the cluster fragmentation, which is the basis of Herwig as illustrated in the
right hand side of Figure 1.12, it is in the last two stages namely cluster fission
and decay that the flavour of the fragmentation products is chosen. In the original
Herwig model the probability to pick up an s3 is the same to that of a uw or dd.
The strangeness suppression is achieved by phase space considerations i.e. the
s quark is heavier than the v and d. In modern tunes, one can introduce two
different parameters governing the fission and decay steps.

Shower Parton Splitter| Fission Decay

P e

:
3
7
S

Figure 1.12: Schemes for strangeness production in string (left) and the cluster
(right) hadronisation models.

1.4.3 Underlying Event

The underlying event (UE) is a result of the interaction between the remnants
of the incoming hadrons. It contributes to the final state hadronic activity by
interacting with the colour structure of the hard scattering outcoming partons,
as well as creating new hadrons from the hadronisation of its own outcoming
partons (see Figure 1.10). The parameters involved in the modelling of the UE
have to be tuned using experimental data such as the jet shapes [21] or other
sensitive observables [22]
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1.4.4 Monte Carlo Programs

The general features described above are used by several MC generator programs
to describe the experimental data. Here, a description is given for the most
commonly used and, in particular, the ones used in the analyses carried out in
this thesis.

1.4.4.1 PYTHIA

PyTHiA [23] is a LO event generator based on ME calculations for 2 — 1 and
2 — 2 processes. They are matched to pr-ordered parton showers accounting
for the initial and final state radiation. For the initial (final) state radiation, the
parton showers are space-like (time-like). The hadronisation part PYTHIA relies
on the Lund string model described in the previous section.

The UE modelling is based on different tunes [24] depending on the values of the
QCD parameters such as Aqcp used for this purpose, and they differ from version
6 to version 8, written in FORTRAN and C++, respectively.

1.4.4.2 HERWIG

The HERWIG program [25] differs from PYTHIA in two important aspects. The
parton showers are angular-ordered. This means that, for a branching a — bc
the relevant scale is given by Q% = 2E?(1 — cos 6y.), where E, is the energy of
the particle a and 6, is the angle between the branching products b and ¢. The
so-defined scale Q2 increases with the evolution of the shower, thus the angle
between the products of sucessive branchings decreases as the shower evolves.
The hadronisation in HERWIG is implemented using the cluster model, while the
underlying event is modelled using minimum-bias interactions. It also implements
an interface to JIMMY [26], which uses multiple parton interactions to model the
underlying event effects.

1.4.4.3 MCQNLO

The MC@QNLO program [27] matches exact NLO calculations to a parton shower.
Particular care is given to avoiding double counting, as the parton shower calcu-
lation already implement some of the NLO corrections.

Events generated using MC@QNLO are associated with a weight which might be
+1 or —1. The negative weighting accounts for the cancellation of interfering
diagrams. The smoothness of the distributions obtained using this scheme is
guaranteed since the number of events with negative weights is reasonably small.
MCQNLO is commonly matched to the HERWIG parton showers interfaced with
JIMMY.
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1.4.44 POWHEG

In the POWHEG formalism [28], ME calculations for 2 — 2 and 2 — 3 processes
are implemented. The renormalisation and factorisation scales ugr and pp are set

to be equal to the transverse momentum of the hard partons (pE°™). The cut on

the minimum transverse momentum of the generated hard partons, p?°™, may
affect the value of the cross section due to the low-pr divergence of the 2 — 2
cross section. POWHEG is matched either to PYTHIA or HERWIG for the parton
shower step of the event generation. In case of using HERWIG, the UE modelling

is tipically performed by the JIMMY program.

1.4.4.5 ALPGEN

The ALPGEN generator [29] is based on a multi-leg approach, where 2 — n
multiparton processes are considered. The combination of the different parton
multiplicities is performed by weighting each sample with their corresponding
cross sections. Then, the generated partonic final states are matched to parton
shower algorithms as implemented in PYTHIA or HERWIG.

The addition of the parton shower on top of the n-parton final state can lead to
an overlap of the event with the (n + 1)-parton sample if the shower produces
an additional jet. To avoid this, ALPGEN uses MLM matching to identify the
overlaps.

1.5 Jets and jet algorithms

The collimated showers of particles formed by the fragmentation of partons pro-
duced in hard scattering processes are known as jets. These jets are the exper-
imental counterpart to the hard scattering partons. Thus, the reconstruction of
the kinematic properties of partons is possible using jet algorithms. Their perfor-
mance is normally dependent on a clustering parameter R, which can be regarded
as the jet radius in the n—' space.

In general terms, a jet algorithm needs to fulfill two conditions namely collinear
safety and infrared safety. This is a way to state that the jet topology is not going
to be changed by collinear or soft radiation. These two requirements have been
successfuly implemented into two different types of jet reconstruction algorithms.
The cone algorithms, such as SISCone [30] are based on the maximisation of the
energy density inside cones of a given radius R, followed by a merging-splitting
step where overlapping configurations of two well-defined jets are removed. This
thesis uses another approach based on sequential recombination algorithms.

!Pseudorapidity is defined as n = — log (tan g) with 6 the polar angle.
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The sequential recombination algorithms are based on the iterative merging of
pairs of constituents (¢,7) in a same object attending to both their transverse
momentum k; and their spatial distance AR;; = /(n; — 1;)? + (pi — ;)%

This is done using a metric d;; defined as

AR?,
= min (k}?, k}" RZ” 1.74
dip = k% 1.75

The algorithm works as follows: for a pair of input particles (i, ), the value of
d;j is calculated and compared to the value of d; 5. If d;; < d; g, the inputs ¢
and j are merged into a single input following a given recombination method. If
this condition is not fulfilled, 7 is identified as a stable jet. Different values of the
parameter p lead to different algorithms, such as k; [31, 32| with p = 1, anti-k;
?] with p = —1 or the Cambridge-Aachen [33] algorithm for p = 0. Figure 1.13
shows the behaviour of different jet algorithms. All these methods have been
implemented in the FASTJET program [34].

Cam/Aachen, R=1

p. [GeV] SISCone, R=1,

Figure 1.13: Sketch of the transverse profile of the jet areas attending to different
algorithms. Figure taken from [35].
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Chapter 2

The LHC and the ATLAS
experiment

This chapter summarizes some of the most relevant aspects of both, the CERN
accelerator complex, in particular the LHC, and the ATLAS detector.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC), see Ref. [36], spanning a 27 km circumfer-
ence, is the world’s largest particle accelerator. It is built underground, between
50 and 175 metres deep, in the franco-swiss border near Geneva. It is designed to
accelerate two proton beams up to a nominal centre-of-mass energy /s = 14 TeV.
The analyses presented in this thesis, uses data taken in 2011 when due to some
technical difficuties the c.m. energy was only 7 TeV. Both beams are made to
collide inside the 4 main experimental halls housing four detectors ATLAS, AL-
ICE, CMS and LHCD, distributed along the accelerator circumference, as shown
in Fig. 2.1.

The proton beams are extracted from Hydrogen gas and their energy ramped
up with the help of the CERN accelerator complex from the 50 MeV obtained
with the linear accelerators (LINAC), to 1.4 GeV in the Proton Booster, to 25
GeV in the Proton Synchrotron (PS) and 450 GeV in the SPS. When the beams
reach the LHC, they fly around in two separate rings inside vacuum chambers
passing through 1232 superconducting dipole magnets distributed around the cir-
cumference. These dipole modules produce a vertical magnetic field which bends
the trajectory of the protons via the Lorentz force. At 7 TeV, the magnitude of
the magnetic field is around 8.4 Tesla with a current of 11700 A. To avoid ex-
cessive resistive losses due to Joule effect, a large cryogenics system provides the
liquid helium which is then injected into the dipoles to keep the magnets cold. A
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Figure 2.1: The distribution of all CERN accelerators and experiments, including
the LHC experiments ATLAS, ALICE, CMS and LHCb along the LHC ring.

standard dipole module is depicted in Fig.2.2

2.1.1 Physics event rate. Luminosity

The motivation for the construction of the LHC is first and foremost to find the
Higgs boson, the missing piece needed to complete the SM, and then more gen-
erally to explore physical processes at the TeV scale, where new physics beyond
the SM, such as Supersymmetry (SUSY) could be found.

Since the beginning of its operation the LHC run in two periods. Run 1 started in
2010 at 7 TeV, continued in 2011 and in 2012-2013 when the energy was pushed
up to 8 TeV. After a technical shutdown operations resumed in 2105 at 13 TeV
for Run 2.

The figure of merit characterising the performance of a collider is the so called
instantaneous luminosity defined as:

ning

T 2.1
43,2, (2.1)

L=

The parameters ¥, and ¥, define the beam transverse profiles assuming a 2-
dimensional gaussian distribution.
For a given physics process, characterised by its cross-section o, the following
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Figure 2.2: The cross section of a dipole module at the LHC

relation holds for the event rate [6]:

to
— 0L = Nt ts) = 0 / Ldt = ol (2.2)

t1

_ dNey
o dt

R

The integrated luminosity L is a key quantity in cross-section measurements and
therefore needs to be precisely determined by both the LHC (delivered luminosity)
and each experimental detector (recorded luminosity) when the data taking is
ready. Fig. 2.3 shows the integrated luminosity delivered to ATLAS as a function
of the month in the years 2010, 2011 and 2012, i.e. Run 1.

27



—10° \ \ \ \ T T T
ATLAS Online Luminosity
= 2010pp\s=7TeV === PbPb\/s, =276 TeV

10°E = 2011 pp \s=7TeV PbPb \[s,,, = 2.76 TeV
: = 2012 pp Vs =8 TeV

t

—_
o
w

-
e

Delivered Luminos
)

— e e
S 9 o o
o N o w

| | | | | | | | | 1/\
B AN oct
Month in Year

s
>

Figure 2.3: Cumulative luminosity versus day delivered to ATLAS during stable
beams and for pp and Pb-Pb collisions. This is shown for 2010 (green for pp,
magenta for Pb-Pb), 2011 (red for pp, turquoise for Pb-Pb) and 2012 (blue)
running. The online luminosity is shown.

For completeness the luminosity delivered to ATLAS including Run 2 is shown
in Figure 2.4. It illustrates the magnificent performance of the CERN accelerator

group.
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Figure 2.4: Cumulative luminosity versus day delivered to ATLAS during stable
beams and for pp collisions only. This is shown from 2011 to 2018.
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2.1.2 Bunch crossing and pile-up

The proton beams have a bunch train structure with each bunch containing
roughly 10! protons. The rate of inelastic events produced in a collider is
given by Rijel = L X oine;, while the average bunch crossing rate is given by
the product of the number of bunches per beam and the revolution frequency,
Reross = Nbunen X fuuc. Thus, one can define the number of interactions per bunch
crossing (i as

Rinel o L x Oinel
Rcross Nbunch X fLHC
One can distinguish two types of pile-up collisions: in-time (out-of-time) depend-
ing on whether the pile-up signal corresponds to the same (a different) bunch
crossing as that of the hard scattering signal.

In the data taken in 2010, the amount of out-of-time pile-up interactions is neg-
ligible, as the bunch spacing was smaller than in 2011, when it was raised to the
nominal value of 25 ns. The average number of interactions per bunch crossing
can be up to (u) = 25 for the data presented here. This is smaller than in the
2012 data taking period and certainly much smaller than in Run 2.

o= (2.3)

2.2 The ATLAS experiment

The ATLAS detector citedetector is a multi-purpose particle detector installed at
the LHC Point 1, near the CERN Meyrin site. The design of the ATLAS detector
was guided by these general considerations:

e large pseudorapidity and full azimuthal acceptance

e good pattern recognition for charged particles allowing secondary vertices
reconstruction for long lived particles

e cxcellent electromagnetic calorimetry for detection of electrons and photons

e good containment of hadronic showers for good measurement of missing
energy needed for many BSM searches

e good muon identification
e fast and radiation hard readout electronics in all components

e cxcellent trigger capabilities
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The defining choices for ATLAS are LAr fine granularity calorimetry and toroidal
magnets for muon bending and muon charge determination.

From the particle interaction point outwards, it contains an Inner Detector (ID),
designed to precisely measure the momentum of charged particle tracks, an elec-
tromagnetic calorimeter for measuring the energy deposition of electrons and
photons, a hadronic calorimeter, used for the measurement of strong-interacting
particles and a muon spectrometer for measuring the energy and momentum of
muons, as shown in Figure 2.5.

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector

Figure 2.5: Simulation of different particle types crossing the ATLAS detector.
A schematic representation of the detector can be seen in Fig. 2.6.

2.2.1 The Inner Detector

The ID [37] is designed to measure the momentum of charged particles produced
in the collisions, as well as for primary and secondary vertex reconstruction. Its n—
@ coverage includes the full azimuthal range —7 < ¢ < 7 and the pseudorapidity
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Figure 2.6: General view of the ATLAS detector.

region |n| < 2.5.1 Tt is able to track particles with transverse momentum above
500 MeV, except for some minimum bias analyses where the threshold is 100
MeV . The ID is embedded in an axial magnetic field (2 T) which bends the
trajectory of charged particles and allows to measure the charge. It consists
of the three following subsystems, starting from the nearest to the IP is the
Pixel detector, then the Semiconductor Tracker (SCT) and finally the Transition
Radiation Tracker (TRT), as shown in Figure 2.7.

LATLAS uses a right-handed coordinate system with its origin at the nominal interaction
point (IP) in the centre of the detector and the z-axis along the beam pipe. The z-axis points
from the IP to the centre of the LHC ring, and the y-axis points upward. Cylindrical coordinates
(r, ) are used in the transverse plane, ¢ being the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar angle 6 as n = —Intan(6/2).
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Figure 2.7: Transverse view of the ATLAS Inner Detector subsystems being tra-
versed by a 10 GeV track with n = 0.3. Each track crosses 3 pixel layers, 4 SCT
layers and approximately 35 axial straws in the TRT.

The overall transverse momentum resolution of the ID is:
o

L =0.05% x pr ® 1% (2.4)
pr

The main parameters of the subsystems composing the Inner Detector are given
in Table 2.1.
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Subsystem  Position Area Resolution Channels 7 coverage

(m?) o (pm) (x10°%)

Pixels 1 barrel layer 0.2 Rp =12, z =66 16 +£2.5
2 barrel layers 1.4 Rp =12, z =66 81 +1.7
4 end-cap disks 0.7 Rp=12, R=177 43 1.7-2.5
on each side

Silicon strips 4 barrel layers 344 Ry =16, z =580 3.2 +1.4
9 end-cap wheels 26.7 Rp =16, R =580 3.0 1.4-2.5
on each side

TRT Barrel straws 170 (per straw) 0.1 +0.7
End-cap straws 170 (per straw) 0.32 0.7-2.5

36 straws per track

Table 2.1: The main parameters of the inner detector subsystems. The resolutions
quoted are typical values (the actual resolution depends on |n]).

2.2.1.1 The Pixel Detector

The main advantage of the pixel detector is its high granularity close to the in-
teraction point. This drives the performance of the ID for finding short-lived
particles such as b-quarks and 7-leptons.

The system has a highly modular design, with three barrels containing approxi-
mately 1500 identical barrel modules and four disks on each side containing 1000
disk modules. The support structure is of only one type in the barrel and another
one in the disks.

The pixel modules for the disks and the barrel are very similar. Each barrel mod-
ule contains 61440 pixel elements, with a readout system consisting in 16 chips.
Each of these modules with a size of 62.4 mm x 22.4 mm.

2.2.1.2 The Semiconductor Tracker

The SCT contributes to the determination of the track momentum by providing
four independent measurements per track in the intermediate radial range. This
is also important for the reconstruction of the vertex position.

The barrel SCT contains four layers of silicon microstrip detectors, which provide
precision measurements of the track coordinates. Each of them has a surface of
6.36 x 6.40 cm? and contain 768 readout strips parallel to the beam direction,
providing measurements of the radial and azimuthal coordinates.
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2.2.1.3 The Transition Radiation Tracker

The TRT consists of gaseous straw detectors, measuring the track radial and az-
imuthal coordinates. It covers the region up to |n| = 2.0 with a typical resolution
of about 130 pm. Each straw is 4 mm in diameter with a maximum length of
150 cm.

The barrel contains 144 c¢m long straws, parallel to the beam direction with their
wires divided into two halves approximately at = 0. In the end-cap region,
the 37 cm long straws are arranged radially in wheels. The number of readout
channels is approximately 351000.

2.2.2 The Calorimeter System

The ATLAS calorimeter consists of two subdetectors: A Liquid Argon (LAr)
electromagnetic calorimeter and a hadronic calorimeter. The main parameters
are given in Table 2.2. The calorimeters cover the pseudorapidity region |n| < 4.9
and provide a good containment of electromagnetic and hadronic showers.

The EM calorimeter in the |n| region covered by the ID presents a fine granularity,
well suited for precision measurements of electrons and photons. The rest of the
calorimeter has a coarser granularity able fullfil the physics requrements for jet
and BT reconstruction. Fig. 2.8 shows a view of the ATLAS calorimeter.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic =S
end-cap (EMEC) ———

NN

LAr electromagnetic
barrel

S '"j’ /” i g
\ y LAr forward (FCal)

Figure 2.8: Cut-away view of the ATLAS calorimeter system.
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2.2.2.1 The LAr electromagnetic calorimeter

The ATLAS electromagnetic calorimeter is divided into a barrel part, with |n| <
1.475, and two end-caps with 1.375 < |n| < 3.2. The barrel calorimeter consists
of two identical half-barrels, separated by a small gap (4 mm) at z = 0. Each
end-cap is divided into two coaxial wheels: an outer wheel covering the range
1.375 < |n| < 2.5 and an inner one covering 2.5 < |n| < 3.2.

The layers of active material in the calorimeter depend on the pseudorapidity
region (see Table 2.2). The granularity An x Ag also depends on the 7 range.
The central region of the barrel, where maximum precision is required, is finely
segmented. A sketch of a barrel module is shown in Fig. 2.9, where the granularity
is specified for cells in the central region.

A presampler detector is used to correct for the energy lost by electrons and
photons upstream of the calorimeter in the region || < 1.8 . The presampler
consists of an active LAr layer of 1.1 ¢cm (0.5 cm) thick in the barrel (end-cap).

Cells in Layer 3
ApxAN = 0.0245x0.05

~—

Square cells in
Layer 2

~—

37'5““11/8 -4 An < 0.025 ?

AN gy mm
0031 Strip cells in Layer 1

N

Figure 2.9: Sketch of a barrel module. The granularity in 7 and ¢ of the cells in
each of the three layers and of the trigger towers is also shown.

The EM calorimeter is a lead-LAr detector with accordion geometry, see Figure
2.11, thus providing a complete azimuthal symmetry without cracks. The lead
thickness in the absorber plates is chosen so that the energy resolution meets the
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requirement:
op 0.1 Gevs
E  JVE
The first term is determined by the lead thickness, the second term, which be-

comes dominant at high energies, is determined by the resolution in the lead
thickness shown in Figure 2.10.
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Figure 2.10: X-ray and ultrasound measurements of the lead thickness plates
for the LAr endcap (left). Average lead thickness and its RMS (right).
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Figure 2.11: Picture of a LAr EC octant with the cold electronics mounted (top)
and in the process of cabling (bottom).
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2.2.2.2 The hadronic calorimeters

The hadronic ATLAS calorimeter consists of the following subsystems: the tile
calorimeter, the LAr hadronic end-cap calorimeter (HEC) and the LAr forward
calorimeter (FCal).

| Barrel | End-cap
EM calorimeter
Number of layers and |n| coverage
Presampler In] < 1.52 1 1.5 < |n| <1.8
Calorimeter 3 In] < 1.35 2 1.375 < |n| < 1.5
2 1.35 < |n| < 1.475 | 3 1.5 < |n| < 2.5
2 2.5 < |n| < 3.2
Granularity An X A¢ versus |n|
Presampler 0.025 x 0.1 | < 1.52 0.025 x 0.1 1.5<In] <18
Calorimeter 1st layer 0.025/8 x 0.1 Im| < 1.40 0.050 x 0.1 1.375 < |n| < 1.425
0.025 x 0.025  1.40 < |n| < 1.475 | 0.025 x 0.1 1.425 < n| < 1.5
0.025/8 x 0.1 1.5 < |n| < 1.8
0.025/6 x 0.1 1.8 < |n| < 2.0
0.025/4 x 0.1 2.0 < [n] < 2.4
0.025 x 0.1 2.4 < |n| < 2.5
0.1 x 0.1 2.5 < || < 3.2
Calorimeter 2nd layer 0.025 x 0.025 Im| < 1.40 0.050 x 0.025 1.375 < |n| < 1.425
0.075 x 0.025 1.40 < |n] < 1.475 0.025 x 0.025 1.425 < |n| < 2.5
0.1 % 0.1 2.5 < || < 3.2
Calorimeter 3rd layer 0.050 x 0.025 In] < 1.35 0.050 x 0.025 1.5 < |n| < 2.5
Number of readout channels
Presampler 7808 1536 (both sides)
Calorimeter 101760 62208 (both sides)
LAr hadronic end-cap
[n| coverage 1.5|n| < 3.2
Number of layers 4
Granularity An X Ag 0.1 x 0.1 1.5 < |nl <25
0.2 X 0.2 2.5 < || < 3.2
Readout channels 5632 (both sides)
LAr forward calorimeter
|m| coverage 3.1 < |n| <4.9
Number of layers 3
Granularity Az X Ay (cm) FCall: 3.0 x 2.6 3.15 < |n| < 4.30
FCall: ~ four times finer 3.10 < |n| < 3.15
4.30 < |n| < 4.83
FCal2: 3.3 x 4.2 3.24 < |n| < 4.50
FCal2: ~ four times finer 3.20 < |n|] < 3.24
4.50 < [n] < 4.81
FCal3: 5.4 x 4.7 3.32 < |n| < 4.60
FCal3: ~ four times finer 3.29 < |n|] < 3.32
4.60 < |n] < 4.75
Readout channels 3524 (both sides)
Scintillator tile calorimeter
Barrel Extended barrel
|n| coverage Inl < 1.0 0.8 < |n| < 1.7
Number of layers 3 3
Granularity An X Ag 0.1 x 0.1 0.1 x 0.1
Last layer 0.2 x 0.1 0.2 x 0.1
Readout channels 5760 4092 (both sides)

Table 2.2: The main parameters of the calorimeter subsystems.
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e Tile calorimeter: The tile calorimeter barrel covers the region |n| < 1.0
and its two extended barrels the range 0.8 < |n| < 1.7. It is a sampling
calorimeter with steel absorber plates and scintillating tiles as active mate-
rial. The barrel and extended barrels are divided into 64 modules extended
azimuthally. The inner (outer) radius is 2.28 m (4.25 m). It is segmented
in depth in three layers.

e LAr hadronic end-cap: The HEC is located directly behind the end-cap
electromagnetic, both sharing the same LAr cryostats. The HEC overlaps
with the forward calorimeter to reduce the drop in the material density at
the transition region around |n| = 3.1, extending up to |n| = 3.2. Each wheel
is built from 32 identical wedge-shaped modules. Each wheel is divided into
two segments in depth for a total of four layers per end-cap.

e LAr forward calorimeter: The FCal, integrated in the LAr cryostat, is
approximately 10 interaction lengths deep, and consists of three modules
in each end-cap: the first, made of copper, is optimised for electromagnetic
measurements, while the other two, made of tungsten, measure predomi-
nantly the energy of hadronic interactions.

The energy resolution of the hadronic calorimeters is given by

OR a

- VE @b (2.6)
For the barrel and end-cap hadronic calorimeters, the values of a and b are a =
0.5 GeV2 and b = 3%, while the forward calorimeter has a poorer resolution with
a=1GeV2 and b = 10%.
The structure of a cryostat, showing the relative positions of the three forward
calorimeters is depicted in Fig. 2.12. The outer radius of the cylindrical cryostat
vessel is 2.25 m and the length of the cryostat is 3.17 m. The feed-throughs and
front-end crates containing the readout electronics are also shown.
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Figure 2.12: Cut-away view of an end-cap cryostat, showing the positions of the
three end-cap calorimeters.

2.2.3 The Muon Spectrometer

The ATLAS muon system exploits the deflection of muon tracks in a magnetic
field. The bending power is characterised by the line integral [ B-dl. In the range
|n| < 1.4, the bending is provided by the large barrel toroid with a bending power
between 1.5 to 5.5 Tm.. For 1.6 < |n| < 2.7, the muon trajectories are deflected
by two smaller end-cap magnets inserted at both ends of the barrel toroid and
providing a bending power between 1 and 7.5 Tm. In the so called transition
region 1.4 < |n| < 1.6, the deflection is provided by a combination of barrel and
end-cap fields providing a somewhat lower bending power.

In the barrel region, tracks are reconstructed in chambers arranged in three cylin-
drical layers around the beam axis. In the transition and end-cap regions, the
chambers are installed in planes perpendicular to the beam, also in three layers.
This is illustrated in Fig. 2.13.
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Figure 2.13: Cut-away view of the ATLAS muon system.

The muon spectrometer consists of four subsystems: the Monitored Drift Tubes
(MDT), the Cathode Strip Chambers (CSC), the Resistive Plate Chambers (RPC)
and the Thin Gap Chambers (TGC). The first two provide precision tracking,
while the last two provide triggering capabilities. The main parameters of the
muon chambers are listed in Table 2.3

Number of Number of

System Coverage Chambers Channels Function

MDT In| < 2.7 1150 354000 Precision tracking
CSsC 20< |n| <27 32 31000 Precision tracking
RPC In| < 1.05 606 373000 Triggering, second coordinate
TGC 1.05<|n <2.7 3588 318000 Triggering, second coordinate

Table 2.3: The main parameters of the subsystems conforming the muon spec-
trometer.
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2.2.3.1 Precision tracking chambers. MDTs and CSCs.

The MDT chambers are made of three to eight drift tube layers, operated at
an absolute pressure of 3 bar and achieving an average resolution of 80 um per
tube, or about 35 um per chamber. The MDTs perform the precision momentum
measurement in the pseudorapidity range |n| < 2.7.

The CSCs are multiwire proportional chambers with cathode planes segmented
into strips in orthogonal directions. This allows the measurement of both coor-
dinates from the induced-charge distribution. The resolution of a chamber is 40
pm in the bending plane and about 5 mm in the transverse plane. They cover
the pseudorapidity region 2 < |n| < 2.7.

2.2.3.2 Triggering chambers. RPCs and TGCs.

The precision-tracking chambers are complemented by a system of fast trigger
chambers capable of delivering track information within a few tens of nanosecond.
The RPCs (TGCs) were chosen in the barrel region |n| < 1.05 (in the end-caps
1.05 < |n| < 2.4) for this purpose. The spread of the delivered signals is in the
range 15-25 ns. They also measure one coordinate in the bending plane, in the n
direction, and one in the non-bending azimuthal plane.

The purpose of the precision-tracking chambers is to determine the coordinate of
the track in the bending plane. After matching of the MDT and trigger chamber
hits in the bending plane, the trigger chamber’s coordinate in the non-bending
plane is adopted as the second coordinate of the MDT measurement. This method
assumes that in any MDT /trigger chamber pair a maximum of one track per event
be present, since with two or more tracks the n and ¢ hits cannot be combined
in an unambiguous way.

2.2.4 The ATLAS Trigger System

The ATLAS Trigger system consists of three consecutive levels of event selection:
level 1 (L1), level 2 (L2) and Event Filter (EF), collectively referred to as the
High Level Trigger (HLT). It reduces the event rate to about 200 Hz from the
nominal bunch crossing rate of 40 MHz. Fig. 2.14 shows a flow chart of the three
trigger levels.

2.2.4.1 Level 1

The L1 triggers are hardware based and use coarse resolution information from
dedicated detectors like the calorimeters and the muon spectrometer to identify
high energy activity in the so called regions of interest (Rol). The calorimeter
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Figure 2.14: Flow chart of the ATLAS Trigger system [38]

selection (L1Calo) is based on the information provided by all the calorimeter
subsystems, being consistent with high-FE1 objects such as electrons, photons,
hadronically decaying 7-leptons or jet clusters, as well as events with large FEss.
The L1Calo is designed to work with 7000 analogue trigger towers of reduced
granularity (An x Agp = 0.1 x 0.1 in the central region, but larger at high |n]),
see Fig. 2.9. Tt sends the signal to the L1 computer farm approximately 1.5 us
after the event occurs.

The L1 muon trigger is based on the information provided by the muon chambers
with triggering capabilities in the barrel and end-cap regions, namely the RPCs
and the TGCs respectively. The algorithm is based on the coincidence of aligned
hits in different trigger stations, tracking the trajectory of a muon. The low-pr
trigger is capable of tracking muons with a threshold range of about 6-9 GeV,
while the high-pr trigger has a threshold which varies from 9 to 35 GeV.

2.2.4.2 Level 2 and Event Filter

The L2 triggers make use of fast software based online data reconstruction al-
gorithms. The L2 algorithms also use information which is not available at the
L1 level, such as the Inner Detector tracks. The L2 trigger has access to partial
event data mainly from the L1 Rols and decides whether to keep or reject an
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event in a few tens of ms, thus reducing the event rate below 3.5 kHz.

The Event Filter triggers use offline data reconstruction algorithms to provide
additional rejection to reach the desired 200 Hz rate. The EF has access to the
complete data from a given event. The EF selection is made on the basis of com-
binations of candidate physics objects after the event building step. The average
event processing time is about 4 s.

For this analysis, the relevant triggers select events with two oppositely charged
leptons.
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Chapter 3

Object reconstruction and
identification

In this chapter, the performance of the ATLAS detector in terms of physics object
reconstruction and identification is briefly discussed, including tracks and vertices,
electrons, muons, jets, b-jets and missing transverse energy. These objects will
be later used in the physics analyses presented in this thesis.

3.1 Tracks and vertices

Track reconstruction is essential for electron and muon identification, as well
as for track-jet studies. It is done using all subsystems in the inner detector,
including the pixel detector, the SCT and the TRT. The track reconstruction
software, using global-x? and Kalman-filter techniques [39], divides the pattern
recognition processing into three stages:

e Pre-processing: The raw data from the pixel and SCT detectors are con-
verted into clusters, while the TRT raw timing information is calibrated.
The SCT clusters are transformed into space-points, combining the cluster
information from opposite sides of the SCT modules.

e Track-finding: Track seeds are formed by combining space-points in the
pixel detector and the first SCT layer. These seeds are then extended
throughout the SCT to form track candidates, which are then fitted and
subject to quality cuts. The selected tracks are then extended into the
TRT to associate the drift-circle information. Finally, the extended tracks
are refitted including the information from all three subsystems.

e Post-processing: A vertex-finding algorithm is used to reconstruct pri-
mary vertices, followed by the reconstruction of photon conversions and
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secondary vertices. The vertex candidates are selected by minimsing a x?
function which depends on the (x,y, z) position as well as on the track mo-
menta p;. The primary vertex is defined as the one maximising the quantity
>, (p)?, where the index ¢ runs over all tracks originating from it.

3.2 Electrons

In order to achieve physics goals such as the measurement of the H — 4/ or
that of top-quark properties, a high efficiency electron reconstruction is required.
The electron reconstruction starts with a clustering algorithm maximising the
energy containment and follows with differents sets of cuts to separate the high
jet background from the electron signal.

3.2.1 Calorimeter-seeded reconstruction

Electron (and photon) reconstruction starts with a three-step clustering algo-
rithm, referred to as the sliding-window method, described in detail in Ref. [40].

e Tower building: The n—¢ space in the calorimeter is divided into a grid
of towers with size An x Ap = 0.025 x 0.025, with the constraint |n| < 2.5.

e Seed finding: A window of 5 x 5 EM cells is moved across the tower grid
defined in the previous step. The sum of the transverse energy of each cell
within the window is required to be greater than 3 GeV and to be a local
maximum. If these two conditions are fulfilled, then the window is selected
as a precluster with n and ¢ calculated as the energy-weighted average of
the position of all cells within a new 3 x 3 window around the center of the
sliding window. Precluster duplicates are removed.

e Cluster formation: Once the seeds are defined, a layer-by-layer clustering
algorithm is ran by considering all 3 x 7 (Barrel) and 5 x 5 (Endcap) rectan-
gles centred in a given seed position. The algorithm starts with the middle
layer, using as seed the precluster position computed in the previous step.
The strip layer is done in the second place, taking as input the middle-layer
barycenter. Finally, the Presampler and back layers are included using the
strip and middle layer barycenters as seeds.

This cluster is said to be matched to a track when the extrapolation of this track
from the inner detector to the LAr calorimeter is within An x Ag = 0.05 x 0.10
of the cluster position. If the ratio E/|p] between the cluster energy and the
track momentum is smaller than 10, both the track and the cluster are combined
to form the electron candidate. Its energy is calculated as the weighted average
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between the cluster energy and the track momentum. Its angular coordinates 7
and ¢ correspond to those from the track.

The electron reconstruction efficiency is high: Approximately 93% of true isolated
electrons with Etr > 20 GeV and |n| < 2.5 are selected as candidates. The 7%
inefficiency is understood to arise from the large amount of material in the inner
detector, and therefore is n-dependent.

3.2.2 Electron identification

The major goal of the ATLAS electron identification algorithm is to separate the
electron signal from the huge multijet background arising from QCD mediated
processes. This is achieved by considering different sets of cuts based on several
variables. Three electron identification categories referred to as Loose, Medium
and Tight [41], are built using this information

3.2.2.1 Loose cuts

The loose set of cuts makes use of the different shower shapes for jets and elec-
trons, as well as their different level of penetration in the hadronic calorimeter.
They involve a cut in the lateral shower width, defined as

The sum is calculated in a window of 3 x5 cells centred at the cluster position, with

E; the cell energy and n; its pseudorapidity. The loose cuts provide a background
rejection factor of about 500 and a high efficiency selection.

Wp,2 =

3.2.2.2 Medium cuts

The medium cuts provide a jet rejection factor of 5000. They include information
from both the calorimeter and the inner detector. They provide a good rejection
of the neutral pion decays to two photons, 7° — ~~. In the case of 7° decays,
the calorimeter is capable of resolving a second maximum with energy Ejax 2 in
a window of size An x Ag = 0.125 x 0.2 around the cell with maximum energy
deposit. The calorimetric variables also include the total shower width, defined
as

Wstot =

ZEi(i — imax)? ZE (3.2)

In this case, the index ¢ runs over all strips in a window of Anx Ay = 0.0625x0.2,
and 7, 1S the index of the maximum-energy strip. The tracking variables include
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the number of pixel and SCT hits as well as the transverse impact parameter,
defined as the transverse distance of closest approach to the primary vertex. A
track-cluster matching within |An| < 0.01 is also applied.

3.2.2.3 Tight cuts

The tight cuts provide a rejection factor of 50000 thanks to the tightening of the
cuts defining the track-cluster spatial matching (|Ap| < 0.02, |An| < 0.005) as
well as the ratio £//p. Electrons from photon conversions are also discarded.

3.3 Muons

The ATLAS muon system is designed to provide momentum measurement of
muons in the pseudorapidity region |n| < 2.7 with a relative resolution better
than 3% over a wide pr range and up to 10% at transverse momenta close to 1
TeV. This is important for the reconstruction of many physics processes such
as tt production treated in this thesis, new physics searches like Z' — puu or
multilepton SUSY searches.

The ATLAS muon reconstruction algorithms combine the information from the
muon specrometer with that from the inner detector and to a lesser extent from
the calorimeter leading to different muon classes, namely:

3.3.1 Standalone muons

The standalone muon algorithm reconstructs the muon trajectory using only the
information provided by the muon spectrometer. The parameters of the track
at the interaction point are determined by extrapolation to the perigee using the
Staco [42] or Muid [43] algorithms. In the Staco case, the extrapolation algorithm
is called Muonboy [42], while the Moore [44] algorithm is used on the Muid side.
In this extrapolation, energy losses in the calorimeter are taken into account.
The Muonboy algorithm does this correction by estimating the amount of ma-
terial crossed by the muon depending on its pseudorapidity, while Moore also
includes calorimetric measurements.

Muons produced in hadron decays in the calorimeter, such as 7 and K decays,
are normally reconstructed in the standalone scheme. They give an estimation
of these kind of backgrounds when the matching to the inner detector case is
performed.

Standalone muons are mainly used to extend the muon acceptance to the pseu-
dorapidity range 2.5 < |n| < 2.7 which is not covered by the inner detector.
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3.3.2 Combined muons

Combined muons are formed from the succesful combination of a muon spectrom-
eter track and an inner detector track.

e Segment-tagged muons (ST): a track in the ID is classified as a muon if,
once extrapolated to the muon spectrometer, it is associated with at least
one track segment in the MDT or CSC chambers. ST muons are used to
increase the acceptance in cases where low transverse momentum muons
crossed only one layer of the MS chambers.

e Calorimeter-tagged muons (Calo-Tag): A track in the ID is identified as
a muon if it can be associated to an energy deposit in the calorimeter
consistent with a minimum ionizing particle. This type of muon has the
lowest putity.

3.4 Jets

Jets play an important role in the analyses presented in this thesis. As already
discussed in Section 1.5, jets are collimated showers of hadrons, defined in an
attempt to reconstruct the kinematic properties of the partons from which they
originate. The primary objects used in ATLAS for jet building are topological
clusters, constructed from calorimeter cells and used as input four-momenta for
the anti-k; algorithm. Then, further calibrations are needed to correct the jet en-
ergy measurement for calorimetric non-compensation, leakage and other detector
effects.

3.4.1 Topological clusters

The basic idea of the topological clustering algorithms [40] is to combine groups
of cells with an amount of energy well above the noise threshold. Topological
clusters are seeded by calorimeter cells with energy |E| > 40, where o is the
cell by cell RMS of both the electronic and pile-up noise. Neighbouring cells are
added if |E| > 20 and clusters are formed with the help of an iterative procedure
as sketched in Fig. 3.1.
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Figure 3.1: Sketch of the formation of a 3-dimensional topological cluster attend-
ing to the signal to noise ratio of the constituent calorimeter cells.

Once the topological clusters are built as described above, one can use these
clusters as inputs to the jet algorithms described in Section 1.5 and then apply
the jet calibration procedure (EM clusters), or one can calibrate their energy
individually before any attempt to reconstruct the jets. This second procedure is
called the local cluster weighting (LCW) calibration [45, 46]. In the LCW method,
clusters are classified into two types, electromagnetic or hadronic, depending on
their energy, depth in the calorimeter and cell energy density. Three weights are
then applied separately to account for different effects:

e The calorimeter cells in the clusters are weighted according to the cluster
energy and the energy density of the cell, thus taking into account the
response to hadrons in the calorimeter using test beam data.

e The cluster is weighted according to the energy deposits in the cluster neigh-
bourhood and to the longitudinal depth of the cluster barycenter \., thus
taking into account energy deposits not contained within the cluster.

e Finally, the cluster is weighted according to its energy and the fraction of
energy in each layer of the calorimeter, thus accounting for energy deposited
in the calorimeter dead material.

The depth of the cluster barycenter is characterized by the distance A. from the
front of the calorimeter to the center of the shower. The center of the shower has
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spatial coordinates given by

T;) = See——
Zk By

The index i runs over the three spatial coordinates (z,y,z), and the index k
runs over all cells within the clusters with positive energy Ejp > 0. After these
weighting techniques, the resulting energy of the clusters is compared to the
energy before the weighting (EM scale). Fig. 3.2 shows the cluster average
response (FEeain/Erv) as a function of the cluster energy and pseudorapidity
for the three different weighting procedures described above to correct for the
low hadronic response, energy deposits outside the topological cluster and non-
active material in the calorimeter. The jets used for these studies have transverse
momenta above 20 GeV.
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Figure 3.2: Average value of the topocluster response (Ecain/Ery) for hadronic
response (left column), out-of-cluster weights (center column) and dead material
weights (right column). The top row presents the results as a function of the
cluster energy for jets with |y| < 0.3, while in the bottom row results are presented
as a function of the cluster pseudorapidity [46].

The results above show that the agreement between the data and the Monte

Carlo simulation for the average cluster responses to each weighting procedure is
within 5%, and it is better for low energy and central pseudorapidity clusters.
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3.4.2 Jet calibration

Jets seeded from the EM or LCW topological clusters described above are then
reconstructed using the anti-k; sequential recombination algorithm described in
Section 1.5. Once the jets four-momenta (E,pr,n, ) are reconstructed, a jet
energy calibration algorithm restores the jet energy to that of the corresponding
particle level jet. This is done following a three-step process [47]

3.4.2.1 Pile-up and origin correction

The pile-up correction is designed to remove the contamination due to both in-
time and out-of-time pile-up interactions. This corrections is MC based and taks
into account the number of primary interaction vertices Npy, which is a measure
of the in-time pile-up, and the average number of interactions per bunch crossing
1, which is a measure of the out-of-time pile-up.

3.4.2.2 Calibration from MC simulations

The calibration of the energy of a given jet is performed by multiplying it by
simple correction factors. To this end, it is useful to define the jet response

function as
EM (LCW)
EI‘ECO

REM (LOW) — . (3.4)

This response function is the inverse of the correction factors, calculated in bins
of the jet energy and pseudorapidity. Figure 3.3 shows the jet response for jets
built from both EM and LCW clusters in the full 74 range of the detector.

3.4.2.3 In situ corrections

The last step of the jet calibration is performed by deriving an in situ correction
using relative calibrations between the central and forward rapidity regions. This
is referred to as the 7 intercalibration and it is described in Ref. [47]. The jet
calibration is also tested in data using the jet momentum balance techniques in
several physics processes such as Z/7* + 1 jet, v + jet.

3.4.3 Uncertainties in the JES calibration procedure

The main source of uncertainty due to the calibration procedure is derived using
in situ measurements of the jet balance in event samples for Z/v* + jet, v + jet
and inclusive jet production. For jets with pp > 1 TeV, the uncertainty is esti-
mated using the calorimeter response to single pions [48]. These, together with
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Figure 3.3: Average value of the jet response as a function of the pseudorapidity
|Naet| for several values of the jet energy E for both the EM (left) and the LCW
(right) calibration schemes [47].

the uncertainty in the n-intercalibration mentioned above define the baseline JES
uncertainty. Additional uncertainties due to the different response of the calorime-
ter to gluon and quark jets, and the limited knowledge of the gluon fraction in
the jet sample are also included in the total JES uncertainty.

3.4.4 The JVF algorithm

In order to reject jets stemming from pile-up interactions, an algorithm based on
the relative amount of the jet transverse momentum due to charged tracks (trky)
associated to the primary vertex (PV) to that of all possible vertices (vtx,) has
been developed. This is called the ‘Jet Vertex Fraction’ algorithm or JVF [49]
and is defined for a given jet and PV as:

Zk pT (tI’kk, PV)
> > prltrky, vtxy,)

Jets from the hard scattering process pointing to the primary vertex are charac-
terised by large values of the JVF while those coming from pile-up interactions
are characterized by small values.

JVF =

(3.5)

3.5 Identification of jets containing B-hadrons

The identification of jets containing hadrons composed of at least one b-quark,
or simply b-tagging, plays a key role in ATLAS. This is dictated by the great
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importance of processes like H — bb or t — Wb.

The identification of jets containing B-hadrons relies on several properties of
these jets. Due to the large lifetime 7 of these hadrons, their flight distance with
respect to the primary interaction vertex can be resolved in a displaced vertex.
Additionally, the average impact parameter of the tracks within one of these jets
is greater than that of the tracks within a light jet. Figure 3.4 illustrates these
properties. Note that there is a large variety of b-tagging algorithms, each of
them with its own particularities. Figure 3.5 shows the light-jet rejection factor
versus the b-jet tagging efficiency for some of these taggers, together with the
b-jet tagging efficiency as a function of the jet pr for the MV1 tagger which is
the one used in this thesis.

Secondary Verte)/(_‘

Jd ’
£5) ,
LT ,
. < ’

Track/ e

Impact Primary Vertex
Parameter

Figure 3.4: Sketch of a jet containing a B-hadron, showing the largest impact
parameter of the tracks within the jet as well as the displaced secondary vertex
from the B-hadron decay.
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Figure 3.5: Light-jet rejection as a function of the b-tagging efficiency for several
b-tagging algorithms (top) and efficiency versus jet pr (bottom) for MV1 [50].
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3.5.1 Track selection

The properties of the tracks used for b-tagging are descibed in Ref. [51]. This
selection is based on the following quality requirements for these tracks:

e At least seven precision hits (pixel or silicon micro-strip hits) on the track.

At least two hits in the pixel detector, one or more of which must be in the
so-called B-layer, the innermost layer of the pixel tracker.

e The transverse momentum of the track must be above 1 GeV.

The transverse impact parameter has to fulfill |dy| < 1 mm.
e The longitudinal impact parameter has to fulfill |z|sinf < 1.5 mm.

The tracks selected following the above criteria are then associated to jets de-
pending on their distance AR to the axis of a given jet. The association cut is
varied depending on the jet pr, because high-pr are more collimated, in order to
reduce tracks stemming from the underlying event or pile-up interactions which
would reduce the discrimination. The cut varies from AR = 0.45 at 20 GeV to
0.25 for more energetic jets around 150 GeV. To avoid ambiguities, one track is
associated univocally to one jet, the one closest in AR.

The transverse and longitudinal impact parameters dy and zj of the selected tracks
are often signed. If the extrapolation of the track crosses the jet axis in front of
the primary interaction vertex, its impact parameter is considered as positive,
and otherwise negative. The discriminating variable used for b-tagging purposes
is the impact parameter significance, defined as the signed impact parameter di-
vided by its error. Figure 3.6 shows the significances for both the transverse and
longitudinal impact parameters of tracks associated to jets.
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Figure 3.6: Data to MC comparison of the transverse impact parameter signifi-
cance (left) and the longitudinal impact parameter significance (right) for tracks
fulfilling the b-tagging quality criteria and associated to jets. The Monte Carlo
predictions are separated in jets arising from the hadronisation of light quarks
and gluons (blue), charm quarks (green) and bottom quarks (red) [51].

3.5.2 The MV1 algorithm

MV1 is a b-tagging algorithm [50] used for ATLAS analysis during Run 1. Dis-
tributions of the three MV1 input variables (the IP3D and SV1 discriminants as
well as the sum of the IP3D and JetFitter discriminants) are shown in Figure 3.7,
for b-jets, c-jets, and light-flavour jets in simulated ¢t events.
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Figure 3.7: Distribution of the IP3D (a), SV1 (b) and IP3D+JetFitter (c) weights,
for b, c and light-flavour jets. These three weights are used as inputs for the MV1
algorithm. The spikes at w;psp ~ —20 and -30 correspond to pathological cases
where the IP3D weight could not be computed, due to the absence of good-quality
tracks. The spike at wgy; >~ —1 corresponds to jets in which no secondary vertex
could be reconstructed by the SV1 algorithm, and where discrete probabilities for
a b and light-flavour jet not to have a vertex are assigned. The irregular behaviour
in Wrpsp jetFitter arises because both the w;psp and the wjepise, distribution
(not shown) exhibit several spikes. Figure taken from Ref. [50].

The MV1 neural network is a perceptron with two hidden layers consisting of three
and two nodes, respectively, and an output layer with a single node which holds
the final discriminant variable. The implementation used is the MLP code from
the TMVA package [52]. The training relies on a back-propagation algorithm and
is based on two simulated samples of b-jets (signal hypothesis) and light-flavour
jets (background hypothesis). Most of the jets are obtained from simulated ¢t
events and their average transverse momentum is around 60 GeV. To provide jets
with higher pr for the training, simulated dijet events with jets in the 200 GeV <
pr < 500 GeV range are also included. As in the case of the JetFitter neural
network, since the tagging performance depends strongly on the pr and, to a
lesser extent, on the n of the jet, biases may arise from the different kinematic
spectra of the two training samples (of light-flavour and b-jets). To reduce this
effect, weighted training events are used. Each jet is assigned to a category defined
by a coarse two-dimensional grid in (pr,n) with four bins in 1 and ten bins in
pr. Jets in the same category are given the same weight, defined according to
the overall fraction of all jets in this category, and the jet category is fed to the
network as an additional input variable.
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3.6 Missing transverse energy

Some SM particles such as neutrinos or some SUSY-predicted eigenstates such
as the neutralino are not expected to leave a physics signature in any of ATLAS
subsystems, because they interact very weakly with the matter of the detector.
However, their presence in physics events can be deduced from the fact that the
total momentum in the transverse plane has to be null due to the momentum
conservation. This can be used to define the missing transverse energy EXss [53]
in events where the transverse momentum balance does not compensate. The x
and y components of the EI can be expressed as the sum of two terms, one
from the calorimeter and the other from the muon system

I = Bl + B 39
The missing transverse energy and its azimuthal angle are then defined as the
usual modulus and argument of a 2-dimensional vector

E’?iss — \/(Egrgniss)Q + (E;niss)2 (37)
miss t E;niss 3.8
) = arctan E;niss ( : )
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Chapter 4

The importance of jet shapes for
tagging purposes.

Recent measurements by the ATLAS Collaboration of b- and light jet-shapes
in ¢t final states at the LHC, show clear evidence that b-jets are wider. There
are also indications that b-jets in ¢t final states are narrower than those produced
inclusively. This could be interpreted as due to the two different colour structures
considered. Multivariate analysis techniques are applied on MC generated sam-
ples to illustrate possible applications of these observations in two study cases:

e measurement of |Vj,| in ¢t events and

e separation of H — bb in Higgs associated production with a Z from the
continuum background i.e. Z 4 bb.

The lessons to be learned is that jet shape measurements show more potential in
the former case than in the latter. These results were presented at ICHEP 2014
in Valencia [54].

60



<¥(r)>

PowHeg/Data MC@NLO/Data

4.1 Introduction

The tt final states in the dileptonic mode at the LHC are a copious and clean
source of b-jets, while the single lepton mode offers the possibility to study light
jets through W — wud,cs decays. Integrated jet shapes, in a cone of radius
r < R = 0.4 around the jet axis, defined as:

pT(0> T)

)= T (4.1)

where pr(0, ) is the scalar sum of the transverse momenta within that cone, have
been recently measured by the ATLAS Collaboration [55, 56]. These measure-
ments show clear evidence that b-jets are wider than light jets, see Fig.4.1 (left).
This can be understood as due to the b-quark being heavier than the light quarks
and decaying sequentially via b — ¢ — s.
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Figure 4.1: Average integrated b- and light-jet shapes measured by ATLAS (left)
and energy flow outside half of the jet cone, ATLAS and CDF comparison (right)
[55].

Furthermore, by comparing the energy flow outside half of the jet cone for these
b-jets in ATLAS ¢t final states with those inclusively measured by CDF [57] one
is tempted to conclude that the former are narrower than the latter, see Fig.4.1
(right). This could be due to the different colour flows in the two different final
states investigated. It will be interesting to check these ideas within one single
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LHC experiment, thus avoiding comparisons between LHC and Tevatron experi-
ments which have different systematic uncertainties and make use of different jet
algorithms and radii.

The authors in [58] have recently advocated the use of a new measure, pull,
defined as

= ¥ (4.2)

with 7; = (Ay;, A¢;) being the distance in the (rapidity,azimuth) plane between
a given cell in a jet and the jet axis. This variable can be used to discriminate
between jets originating from a color singlet, like W — ud or H — bb, and those
coming from colour multiplets, see Fig. 4.2

Figure 4.2: Color connections for a color singlet (left) and a color multiplet (right)
[58].

The purpose of this analysis is to investigate possible applications of jet shape

measurements in two study cases:

e the feasibility to measure |V| in ¢¢ final states when one ¢ — Wb and the
second one goes to t — W's

e the possibility to discriminate pp — ZH, with the Z boson decaying to
electron or muon pairs and the H — bb, from the main background pp —
Z + bb
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4.2 Multivariate-Analysis Classification

As explained above, to test the usefulness of jet shapes for tagging purposes,
two study cases are analysed. Tagging is nothing but classification. In order
to get the goals of these analyses, a classification multivariate-analysis (MVA)
technique is needed. This section explains how this works and which method was
used.

Classification multivariate-analysis (MVA) techniques are ”learning” algorithms
based on the use of a certain amount of variables in order to distinguish 'wanted’
sort of events (signal) from 'unwanted’ events (background). These type of ”learn-
ing” algorithms have been used in the field of data mining, and are widely popular
in high energy physics as well.

To perform the classification multivariate-analysis, the software package Tool kit
for Multivariate Analysis (TMVA) [52] in the ROOT framework has been used.
In particular one technique based on boosted decision trees has been tried as it
will be explained below.

4.2.1 Boosted Decision Trees (BDT)

A decision tree is a binary tree structured classifier where repeated yes/no de-

cisions are taken on one variable at a time until a stop criterion is fulfilled. The
phase space is divided in regions classified as signal or background, depending on
the majority of training events ending up in the final leaf node. The node split-
ting is performed on the variable which, at this node, gives the best separation
between signal and background. This is an easily interpretable classifier, as shown
in the Fig.4.3 below. It is similar to rectangular cuts, but instead of a hyper-
cube signal-like, several signal-like or background-like hypercubes in phase space
are considered. Nevertheless, a single decision tree is too sensitive to statistical
fluctuations in the training sample.
The boosting of a decision tree extends the concept from one to many trees thus
forming a forest. The trees are produced with the same training sample, and are
combined in a single classifier as a weighted average of all the clasiffier trees. The
weights are calculated in relation with the missclasified events of the training
sample. This is performed with an Adaptative Boost. The boosting can be
combined with bagging, i.e. using a fraction of the sample (randomly selected)
in each tree. The boosting and bagging procedures lead to a greater stability
with respect to statistical fluctuations in the training sample and enhance the
classification performance of a single tree.
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Figure 4.3: Scheme of how a decision tree works [52].

This method has been selected because it is transparent, easily understable, ro-
bust and it does not need many changes of the default parameters to reach high
level performance in most problems.
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4.3 Prospects of measuring the CKM matrix el-
ement |V

Transitions between quark generations through weak charged interactions are
ruled by the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix Vog
[12, 13]:

Vud Vus Vub
Vermn = | Ve Ves Va (4.3)
Vie Vis Vo
In the Wolfenstein parametrisation [14]
1— 1) A AN (p —in)
Vorwm = | =M1 +iA2\) 1— 1) AN? (4.4)
AN(1—p—in) —AN(1+4iNn) 1

where A, A\, p and n are the Wolfenstein parameters.

As A ~ 1 and A = sinf ~ 0.23, from direct measurements and overall fits, it
is easy to realize that the CKM matrix is nearly diagonal, and the transitions
between generations are more suppressed, the further appart they are. Since the
CKM matrix defines a change of basis, it has to be unitary, as long as the SM
has only three quark generations. Therefore, to test the CKM matrix unitarity,
means to test the SM.

Measurements of single top production cross sections at the Tevatron and the
LHC have provided first direct measurement of the dominant CKM matrix ele-
ment |Vp|. A very recent determination by the CMS Collaboration reads |Vy| =
0.998 + 0.038(exp) £+ 0.015(syst) yielding |Vip| > 0.92 at 95%C.L. [59]. Similar
limits can be obtained from b-tagged decays of top pair production. They can
be compared with indirect determinations based on various loop-induced pro-
cesses in which the top quark participates as a virtual state such as B — B°
mixings, radiative decays B — X + v and the CP violation parameter e¢x in the
kaon sector. Overall fits of the CKM unitarity yield |V = 0.999133(44) and
|Vis| = 0.0407 4 0.001 so that |Vis]?/|Vis|? = 1.7 x 1073 [6]. Nevertheless, the |V
matrix element has not been measured directly yet. To achieve this, top decaying
events are needed, but the decay channel t — Ws is very suppressed. The LHC
with its high energy and luminosity opens a window to precision studies of top
decayss, so the direct measurement of the |Vis| matrix element can be explored.
In Ref.[60], the prospects of measuring the CKM matrix element |V;s| have been
discussed. The idea is to study #¢ final states in the process pp — tt + X with
subsequent decays t — Wb, Ws. The goal is to discern between pp — tt —
WbW s, which will be the signal process, from pp — tt — WbWb, which will be
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the dominant background, see Fig. 4.4. Cross-sections for top pair production
at the LHC have been calculated at NNLO accuracy. A typical estimate at
Vs =14TeV is o(pp — tt+X) = 874733 pb at \/s = 14 TeV [61]. This translates
into a yield of 107 top pair events for an integrated luminosity of 10 fb=!. The
PDF’s used are those in Ref. [62].

l+

Figure 4.4: Feynman diagram of the process pp — tt — WbWb.

The jet profiles in the signal process t — W's and the dominant background from
t — Wb are analysed. To that end:

e the energy and transverse momentum distributions of neutral strange par-
ticles, K2 and A”s, which are expected to be leading (non-leading) in s-
(b-) initiated jets, see Fig. 4.5

e the spectrum of soft leptons, see Fig. 4.6,

e the presence (absence) of secondary vertices in b- (s-) initiated jets, see Fig
4.7

are studied.
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Figure 4.6: Energy fraction and pr distributions for leptons inside b- and s-jets.
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Figure 4.7: Multiplicity distributions for K& and A particles, and leptons inside
b- and s-jets. In adition, the secondary vertex flight distance distributions for b-
and s-jets.

The authors of Ref. [60] used the PYTHIA.6 Monte Carlo [23] to generate 10°
events for the process pp — ttX, followed by the decay chains t — W', W*s and
t — Wb, W~5. The W¥ are forced to decay leptonically to reduce the jet activity
associated to hadronic W decays. This corresponds to an integrated luminosity
of 10 fb=!. The top branching ratios to Wb and Ws were artificially set equal
to 50%. With this generated sample they obtained the distributions discussed
above which were fed into a TMVA [52] classifier. A BDT algorithm was used
for this purpose. For a rejection of the background channel pp — tt — WbWb of
0.1%, the tagging efficiency of the signal pp — tt — WbW's was found to lie in
the range 5—10%. This means that 0.05x2x 1.7 x 1073 x 10¢ = 170 signal events
are expected, with a background of 1072 x 10 = 103 events, giving a significance
of 170/4/1000 i.e. more than 5o.
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Figure 4.8: Integrated shapes for b- (red) and s-jets (blue) generated with
PYTHIAG.

Next, the benefit of including b- and s-jet shapes in the MVA is investigated. To
this end, the exercise in [60] is repeated but now including additional variables
associated to the b- and s-jet shapes. Fig.4.8 shows the expected integrated jet
shapes for b- and s-jets in the process pp — tt — WbWs. There is a clear
difference between these two shapes as discussed in the introduction. This is
supported by recent measurements by the ATLAS Collaboration [55]. Notice
that this difference is more marked for smaller values of r. The fact that the
transverse spectra of both jet types are very similar lead us to expect that these
differences will be also maintained when jets are binned in pr. This is illustrated
in Fig.4.9 where the average integrated shapes are plotted in several pr bins.
The main features exhibited by the data can be summarized by stating that
the differences between b- and s-jets are more significant at low values of r and
diminish with increasing pr.
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Figure 4.9: Average integrated b- (red squares) and s-jet (blue triangles) shapes
with PYTHIAG.

In order to investigate the discrimination power associated to the jet shapes
data, a two step multivariate analysis based on a BDT classifier is carried out.
To begin with, the jet shapes data alone are fed in the BDT classifier. The
corresponding ROC curves are shown in the left hand side of Fig. 4.10. Notice
that one can achieve a non-negligible 90% rejection of the background process, i.e.
pp — tt — WbWb, with an efficiency of the signal, pp — tt — WbW's, of roughly
40%. In a second step, the ROC curves obtained using the variables in [60] with
and without adding the jet shape information are compared. Clearly inclusion of
the latter improves the discrimination power of the BDT algorithm, as illustrated
in the right hand side of Fig.4.10. For high background rejection the improvement
exceeds a factor of two. Fig. 4.11 shows the BDT distributions for signal and
background, with the training and test samples of the MC simulation. This
figure shows the case in which all variables have been used in the multivariate-
analysis, including the jet shapes. 100000 signal ( background) events are used
for training the BDT, and another 100000 signal (background) events for testing
the performance. For all the case, 1600 trees have been training.
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4.4 Associated Higgs production with a Z boson

Although the Higgs decaying to gauge boson pairs, WW, ZZ, ~v has been
observed by both the ATLAS and CMS collaborations [63, 64], direct evidence for
the coupling to fermions pairs has only very recently been observed, the associated
production ttH [65, 66] and the decay channels H — bb [67, 68] and H — 77
[69, 70]. The focus is on associated production with a gauge boson, Z or W, to
reduce the QCD background of bb production. In the case of pp — ZH with the
subsequent decay H — bb, from now on the signal process, the main background
is due to pp — Z + bb.

Prompted by the observation that b-jets in the signal process are coming from a
colour singlet while those in the background are coming from colour triplets or
octets [58], see Fig. 4.2 in Section 4.1, one could also expect b-jet shapes in the
former to be somewhat narrower than those in the latter. In the following the
aim is to investigate whether b-jet shapes have the potential to improve on the
separation between signal and background processes discussed above.

The first step it is to look at relevant kinematic quantities associated to the b-jets
in these two processes, pp — ZH — 1T17bb and pp — Z + bb — [T1~ + bb, like

e transverse momenta of the leading (subleading) b-jet i.e. pry (resp.pr2) as
well as their rapidities,

e their separation in rapidity, azimuth or (1, ¢) plane, i.e. An, A¢, AR, see
Fig. 4.12

e similar variables now giving the separation between the Z boson and the bb,
see Fig. 4.13

e the polar angle of the leading b-jet in the rest frame of the bb pair (see Fig.
4.14), which is expected to be flat in the case of Higgs boson decays, see
Fig. 4.12.
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Figure 4.14: Helicity angle 6 for H — bb.

Notice that the mass of the bb pair has not been considered. These distribu-
tions have been obtained with the ALPGEN Monte Carlo generator [29] coupled
to PYTHIAS [71], and using FASTJET [34]for jet recosntruction. The Z boson
has been forced to decay to eTe™ pairs and the b-jets, defined with the anti-kr
algorithm with radius R=0.4, are required to have pr > 25 GeV in order to be in
the regime where current b-tagging algorithms are operational. Clearly, the main
observation is that b-jets coming from the signal process are harder, in transverse
spectra, and better separated in (7, ¢), than those coming from the background
process. These differences were exploited in [72] who performed a multivariate
analysis base on a BDT classifier to investigate the feasibility of discriminating
pp — ZH — I17bb from pp — Z +bb — 1T1~ +bb. In fact the authors of Ref.[72]
went a step further and also studied the relevance of two new variables which
they called pull angles for the leading and subleading b-jets. The variable ¢ in
Eq. 2 can also be written as

t = |t](cosb;, sinb;) (4.5)

in terms of the pull angle. If the b-jets are coming from a single colour object, the
pull angles are expected to peak around 6; = 0 which is defined on an event-by-
event basis as the direction pointing from one b- to another. The discrimination
power added by these two variables, see Fig. 4.15 is not that strong as already
noted in [72].
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The event shapes variables such as sphericity and aplanarity, have also been inves-
tigated. These variables are constructed from eigenvalues of a tensor composed
of 3-momenta, with the sum over the four primary objects (the two b-jets, and
the two leptons from the Z boson). This tensor is defined as follows:

1 PaPs Dby PP
Sphericity Tensor = WZ PyDs  DyDy DyDs (4.6)
SR \DaDe PPy PeP

The eigenvalues are computed, ordered, and normalized A\; > Ay > A3 with
A1 + Ag + A3 = 1. The event shapes are defined as [73]:

e Sphericity: S = 3(Ay 4+ A3), with 0 < S < 1, and S =~ 0 for a 2-jet event,
and S = 1 for an isotropic one.

e Aplanarity: A = %)\3, with 0 < A < 1/2, and A = 0 for a planar event, and
A ~ 1/2 for an isotropic one.

The signal is expected to be less spherical (more planar), than the background,
due to the back-to-back configuration of the ZH event, and the b-jets from the
Higgs boson are expected to be closer (more boosted). These effects can be
observed in Fig. 4.16
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Triggered by these considerations, the potential of b-jet shapes in discriminating
these two processes is studied. The differential jet shape p(r) in an annulus of
inner radius r — Ar and outer radius r from the axis of a given jet is defined as

1 pr(r—Arr)
(r) = Ar pr(0.R) (4.7)

where r < R and pr(rq,72) is the scalar sum of the pr of the clusters within radii

ry and ro.
Some distributions for p(r) are shown in Fig. 4.17 for b-jets in the signal and

background process.
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Figure 4.17: Differential b-jet shapes in the signal, pp — ZH (bb), and background,

pp — Z + bb, processes.

The value Ar = 0.02 has been used in Fig.4.17 and only differential shapes up to
r = 0.12 have been fed into a TMVA classifier, the reason being that for larger
values of r the differences are washed away. The MVA proceeds in three steps.
Firstly, only the kinematic variables discussed above are considered, in a second
step the pull and event shapes information is added, and finally in a third step the
b-jet shapes are included. The resulting ROC curves for signal and background
are displayed in Fig. 4.18. All three ROC curves are very similar with marginal
improvement after inclusion of pull and shapes information.
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This result was somehow expected from the shapes distributions, where the dif-
ferences between signal and background processes were not so significant. This
is even more understandable, when looking at the jet shapes averaged over pr
bins. The higher the pr, the less different the jet shapes are. In this case the pr
distributions of the b-jets are the most powerful discriminant, so the first cuts in
the trees will be on these variables, thus reducing the potential of jet shapes to
discriminate.
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4.5 Summary, conclusions and outlook

It has been shown that jet shapes data have a potential to discriminate b-
from light-jets. This can be of help for improving b-tagging algorithms which
are mainly based on secondary vertices and charged particle impact parameter
measurements. The separation power of the jet shapes alone are almost compet-
itive with standard b-taggers, so the combination with other b-tagging common
variables should produce a fairly strong discriminator.

In the case of the prospects for measuring |Vis|, the inclusion of jet shape vari-
ables in a MVA leads to significant improvements of the signal efficiency for high
background rejection figures. However, this analysis has some weaknesses, such
as not to take into account detector effects, or not to use a jet algorithm in
the simulations. Therefore,it is foreseen to repeat the analysis with a simulated
sample including full dectector reconstruction, to check the real potential of this
discrimation method.

For the separation of pp — Z(IT17)H(bb) from pp — Z(I*1~) + bb, jet shapes
are not so powerful as the previous case. They barely increase the discrimation
power when is adding to the classifier. This is due to the fact that the kinematical
variables are very strong discriminants, and the jet shapes are only an small
correction, as the event shape (sphericity or aplanarity) and color connection
(pull) variables.
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Chapter 5

Measurement of neutral strange
particle production in tt
dileptonic events.

In this chapter, the first measurements of K and A° production in ¢f final states
will be discussed. They are based on a data sample with integrated luminosity
of 4.6 fb~! from proton-proton collisions at a center of mass energy of 7 TeV,
collected in the year 2011 with the ATLAS detector at the Large Hadron Collider.
Neutral strange particles are separated in three classes, depending on whether
they are associated with a jet, b-tagged or not, or not associated with a selected
jet. The aim is to look for differences in their main kinematic distributions. A
comparison with several Monte Carlo simulations using different hadronisation
and fragmentation schemes, colour reconnection proposals and different tunes for
the underlying event has been made. The conclusion of this study is that neutral
strange particle production from ¢ dileptonic events is well described by current
Monte Carlo models for K and A° production within jets, but not for those
produced outside jets. This study has been recently approved for publication by
the ATLAS collaboration and published by EPJC [74].

5.1 Introduction and motivation

Neutral strange particle production has been studied in collider experiments using
ete™ [75,76,77,78,79, 80, 81, 82, 83, 84, 85], pp [86, 87, 88, 89, 90], pp [91, 92, 93],
ep [94, 95] and heavy-ion collisions [?] as well as in fixed target experiments [96,
97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109]. These measurements
provide interesting tests of theoretical jet fragmentation functions [110] and can
be used to validate and tune empirical parameters used in the Monte Carlo (MC)
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models. Since the mass of the strange quark is comparable to the QCD scale
parameter Aqcp, perturbative calculations cannot be performed.

The accuracy of these models is very important for constraining the underlying
event effects in the high-pr collisions investigated at the LHC. In particular the
ratio s/u, giving the supression of strange to non-strange mesons in the hadronic
final states, turns out to be larger in pp collisions than in e*e™ annihilation.

It was suggested [111] that this suppression factor would be significantly larger,
or even tend to 1, in nucleus collisions due to the many strings produced within
a limited phase space which may interact giving rise to the formation of 'colour
ropes’. Recent data from RHIC [?] tend to support these ideas and do show that
neutral strange meson production is enhanced as is the A/ K ratio.

In pp collisions at LHC energies, many overlapping strings due to multiparton
interactions are also expected to come into play, so that also here larger rates
for strange meson and baryon production are expected [112]. This effect may be
center of mass (c.m.) energy dependent.

Furthermore, in Ref.[60, 54], the prospects of measuring the CKM matrix element
|Vis| have been discussed.This matrix element is determined from overall fits, im-
posing unitarity of the CKM matrix, to be |Vis|?/|Vis|> = 1.6 x 1073 [6]. The idea
is to study ¢t dileptonic final states in the process pp — tt + X with subsequent
decays t — Wb, Ws. The goal is to discern between pp — tt — WbW's, which
will be our signal process,from pp — t& — WbWb, which will be the dominant
background. In order to perform this separation a multi-variate analysis classi-
fier is trained with MC simulated events with the PYTHIA6 generator [23]. Some
powerful discriminants for this are the kinematic distributions, such as the en-
ergy, pr, energy fraction or transverse flight distance, as well as the multiplicity
of K¢ and A particles inside b- and s- jets. As shown in Figure 4.5, these distri-
butions are different for b- and s- jets (jet definition can be found in the reference
paper), due to the different processes which lead to the neutral strange particle
production in the two environments. Therefore, as this method to measure the
CKM matrix element |V depends on the accuracy of the model description of
these processes, a comparison of the neutral strange particle spectra inside jets,
b-tagged or not, with current MC expectations is needed, and this is the goal of
this analysis. This may give us confidence in using MVA techniques in a future
determination of this matrix element.

Studies of neutral strange particle production at the LHC have been carried out
using minimum bias events at low luminosities. The aim of this note is to extend
them to tf production which is known to be a copious source of high transverse
momentum jets, in particular b-jets. In doing so two cases are considered depend-
ing on whether the neutral strange particles are:

e cmbedded in jets, b-tagged or not
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e non associated with jets

For those in the first category the focus is to see whether current Monte Carlo
fragmentation models describe some of the kinematical features as discussed in
Figure 1. For those in the second category, one of the main points of interest will
be to see how well is the suppression factor ~5 i.e. the s/u ratio tuned to describe
the data. Figure 5.1 shows the dependence of the K multiplicity inside b-jets
and outside any jet with 7, for 75 = 0.3,0.4,0.5.
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Figure 5.1: K multiplicity distributions inside b-jets (left) and outside any jet
(right) for three different values of 75 = 0.3,0.4,0.5, as in [60].

Furthermore, neutral strange particle production within jets in top-quark decays
exhibit little sensitivity to initial-state radiation effects, different PDF choices or
underlying-event effects. In contrast, neutral strange particle production outside
jets is more sensitive to details of the parton shower i.e. initial and final state
radiation, fragmentation scheme and multiparton interactions, as illustrated in
Figure 5.2. As a trivial remark, when MPI and I/FSR are turned off, neutral
strange particles are still produced as a result of colour string hadronisation.
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Figure 5.2: KQ multiplicity distributions inside b-jets (left) and outside any jet
(right), simulated with the LO-PYTHIA6 generator with and without MPI and
IFSR, as in [60].

This analysis has been carried out on a tt events sample with 4.6 fb~! integrated
luminosity collected with the ATLAS detector at /s =7 TeV, i.e. the whole
2011 run, which is less affected by pile-up than the 2012 sample.

This note is organized as follows. Section 2 gives a brief description of the ATLAS
detector. Section 5.2 is devoted to the Monte Carlo samples used. Section 5.3
explains the data sample and the event selection criteria. Section 5.4 is dedicated
to the neutral strange particles reconstruction and selection, as well as the back-
ground subtraction procedure. Section 5.5 shows the results at the detector level
compared to the POWHEG+PYTHIAG and the MCQNLO+HERWIG simulations.
Section 5.6 dwells on the efficiency correction calculations and the statistical error
propagation. Section 5.8 shows the results corrected at the particle level com-
pared to POWHEGH+PYTHIAG. In section 5.9 a comparison between the corrected
data and different MC models at the particle level is presented, thus checking
the model-dependence of the neutral strange particle production in these events.
Finally Section 5.10 is left for a summary, conclusions and a discussion of our
plans for the future.
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5.2 Monte Carlo samples

Monte Carlo generators are used in which ¢t production is implemented with
matrix elements calculated up to NLO accuracy. The generated events are then
passed through a detailed GEANT4 simulation [113] of the ATLAS detector.
The baseline t¢ MC sample was produced with the next-to-leading-order (NLO)
generator POWHEGBOX (referred to hereafter as POWHEG) [28, 114, 115] for the
matrix element calculation with CTEQ66 NLO PDF. The parton shower and
hadronisation processes are implemented with PYTHIA6 [23] with CTEQ6L [116]
parton distribution functions(PDFs). PyYTHIA6 orders the parton shower by pr
and uses the Lund string fragmentation scheme [18]. The underlying event effects
are considered with the PERUGIA2011C tune [24], while pile-up contributions
are accounted for with the PYTHIA6 AMBT2B minimum bias (MB) tune. The
strangeness suppression factor 7s = s/u is taken at its default value i.e. 75 = 0.3
in AMBT2B tune, while 75 = 0.2 in the PERUGIA2011C tune.

Additional MC samples are used to check the hadronisation model dependence of
K2 and A production. They are based on MC@NLO-+HERWIG [27, 25] which or-
ders the parton showers by angular separation and uses the cluster hadronisation
model [19] and CT10 NLO [117] PDFs. Multi-parton interactions are simulated
using JIMMY [?] with the AUET?2 tune, while pile-up contributions are accounted
for with the PyTHIA6 AMBT2B minimum bias (MB) tune.

The data corrected for detector effects, are also compared with events from other
MC generators at partcle level, without detector simulation:

e the SHERPA 2.1.1 generator [118]. SHERPA, which uses a different approach
than previous generators for matrix element calculation up to NLO accuracy
with the CT10 PDFs, as well as for parton shower implementation. SHERPA
uses 75 = 0.4.

e POWHEG with the NNPDF3.0 NLO PDF set [119], interfaced to Pythia8
[71] with the NNPDF2.3 LO PDF set and the A14 tune [120] for the parton
shower, hadronisation and UE modelling.

e POWHEG interfaced to HERWIGT (v7.1)[121] with the NNPDF3.0 NLO
PDF set and H7TUE tune, as default, for the parton shower, hadronisation
and UE modelling.

e MADGRAPHS aMCQ@NLO generator (referred to hereafter as aMCQNLO)
[122] interfaced to HERWIGT as before.

e the leading-order (LO) ACERMC generator [123] interfaced to PYTHIAG,
with different tunes such as the PERUGIA2011C or the TUNEAPRO for
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parton showering and hadronisation, as well as different colour recnonnec-
tion (CR) schemmes.

Background samples were generated for the production of W and Z bosons in
association with jets, including heavy flavours, using the ALPGEN [29] generator
with the CTEQ6L PDFs [116], and interfaced with HERwIG and JiMMY. The
same generator is used for the diboson backgrounds, WW , WZ and ZZ, while
MC@NLO has been used for the simulation of the single-top background in the
Wt-channel.

The MC simulated samples are normalised to the corresponding cross-sections.
The tt signal is normalised to the cross-section calculated at approximate next-
to-next-to-leading order (NNLO) using the HATHOR package [61], while for the
single top production cross-section, the calculations in Ref. [124] were used. The
W and Z plus jets cross-sections are taken from ALPGEN [29] with additional
NNLO K-factors as given in Ref. [125].

The simulated events are weighted such that the distribution of the number of
interactions per bunch crossing in the simulated samples matches that of the data.
This is performed with a toolkit package within the ROOT framework, namely
PILEPREWEIGHTING-00-02-03. The statistics in the MC samples considered in
this analysis exceeds by more than an order of magnitude that of the data, see
Table 5.1 below.

Table 5.1: Summary table with MC samples information.

MC Level PDF UE tune Neovents
POWHEG+PYTHIAG reco CTEQ66 NLO PERUGIA2011C 145644
MCQNLO+HERWIG reco CT10 NLO JiMMY-AUET?2 206266
SHERPA 2.1.1 particle CT10 NLO 9391929
POWHEGH+PYTHIAS particle  NNPDF3.0 NLO A14 ~7000
PowHEGH+HERWIGT particle  NNPDF3.0 NLO H7UE ~50000
aMCQ@QNLO+HERWIGT particle NNPDF3.0 NLO H7UE ~50000
ACERMC+PYTHIAG particle CTEQ6L PERUGIA/ ~1800000

TuNEAPRO ~1700000
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5.3 Data sample, trigger and event selection

The data sample used in this analysis corresponds to an integrated luminosity of
4.6 fb~!, collected in 2011. The uncertainty of the integrated luminosity is 1.8%
[126].

In order to reduce the jet activity from hadronic W¥ decay channels, the tf
dileptonically decaying sample is used in this analysis. These events were selected
as in Ref. [127, 55]. The events were triggered by an inclusive high-pr electron
or muon EF trigger with pr(e) > 20 GeV and pr(p) > 18 GeV. Events are
required to have at least one primary vertex, with five or more tracks with pirack >
150 MeV. If there are more than one primary vetex, the one maximizing >_ p2 is
chosen.

Tracks used in the primary vertex reconstructions are required to fulfill the fol-
lowing criteria:

e Each track must have at least 4 (6) hits in the SCT (pixel+SCT) detectors
o pr > 400 MeV

e |do| < 0.4 cm

e o(dy) < 0.5 cm

e 0(z) <1lcm

Then two isolated charged leptons (e or 1) are required with Ep(e) > 25 GeV and
pr(p) > 20 GeV, where Er = Egjuster Sin(firack ). At least one of them must match
with the corresponding trigger object. The isolation is required by summing
the transverse energy deposited around the electron in the calorimeter, or the
transverse momentum around the muon in the tracking detector. Cosmic muons
are rejected by a veto on back-to-back pairs with transverse impact parameter
relative to the beam axis |dy] > 0.5 mm. The leptons are required to have
opposite charges. The invariant mass of two electrons, or two muons, is required
to be greater than 15 GeV, to reject Drell-Yan lepton pairs background, and to
be 10 GeV away from the Z boson mass.

Jets are reconstructed with the anti-k; algorithm [35] with radius parameter
R = 0.4. The input objects to the jet algorithm, both for data and detector
level simulation, are topological clusters in the calorimeter. These clusters are
seeded by calorimeter cells with | Eee| > 40 , with o the RMS of the noise. Neigh-
bouring cells are added and clusters are formed following an iterative procedure.
The baseline calibration for these clusters corrects their energy to the electro-
magnetic energy scale, which is established using test beam measurements for
electrons, pions and muons in the electromagnetic and hadronic calorimeters
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[40, 128, 129]. Effects due to non-compensation, energy losses in the dead ma-
terial, shower leakage, as well as inefficiencies in energy clustering and jet recon-
struction have to be taken into account. This is done by matching calorimeter
jets with MC particle jets in bins of |n| and pr. This is called the jet energy
scale (JES), thoroughly discussed in [130]. It is different for b- and light-jets since
they have different particles composition. See [131] for more details and for a
discussion of JES uncertainties.

The selected events should have at least two jets which are required to satisfy:
o |n| <25
e pr > 25 GeV

Both "bad” and "ugly” jets are removed using cleaning cuts defined in [132].
In addition jets are required to satisfy |JV F| > 0.75 in order to minimize pile-
up effects. At least one of the jets must be tagged as a b-tagged jet, using a
multivariate-analysis (neural-network) b-tagging algorithm based on reconstruc-
tion of secondary vertices and three dimensional impact parameter information.
For this purpose, the MV1 algorithm, has been used at a working point with
b-tagging efficiency of 70%. Jets with an overlap with an accepted electron are
removed if their separation is AR < 0.2. The electron is removed if 0.2 < AR <
0.4. The muon is removed if the separation is AR < 0.4 to a jet.

Finally, the missing transverse energy is required to be EX > 60 GeV for the
ee and pp channels, and for the ep channel the requirement is Hy > 130 GeV,
where Hrt is the scalar sum of the transverse momentum of the muon plus the
transverse energy of the electron and the transverse momentum of the jets. A
sample of 6926 ¢t events fulfils all these selection criteria. MC studies [55] indicate
that the background contamination in the sample after event selection is ~ 6%
and is dominated by single top events. Background contamination from processes
as W+ jets or Z+ jets, with the electroweak gauge bosons decaying leptonically,
is almost negligible. The expected composition from these MC studies can be seen
in detail in the Table 5.2 below, where ’Other EW’ means W+ jets and diboson
(WW WZ and ZZ) contributions. The percentages for signal and background
processes quoted in Table 5.2 are in rough agreement with those quoted in [55],
with small differences due to the different b-tagging algorithms used. They are
also in agreement with a more recent analysis [133] which uses similar selection
cuts and b-tagging algorithm and working point as this one.

Since this analysis is focused on kinematics of neutral strange particles in top
events, no attempt is made to remove the single top background contamina-
tion. Figure 5.3 below shows that the neutral strange particle spectra in the Wt
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background is within statistical uncertainties the same as in the ttbar dileptonic
sample.

Table 5.2: Expected sample composition from MC studies after applying the
selection criteria.

Process Nt Percentage (%)
tt dileptonic 6860480 93.9
Single top 300£20 4.1
Z +jets 7719 1.1
Dibosons 61£8 0.9
Predicted 7300490

Observed 6926
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POWHEGH+PYTHIAG6 and MCQNLO+HERWIG generators.

The dileptonic tt events can be divided in three groups according to the leptons
arising from the W decays, namely ee, e p and pp. These groups include contri-
butions from the 7-lepton decay channels where the 7-lepton decays leptonically,
T — fyv,. The expected composition along with the data sample composition
are stated in Table 5.3, below. These results do not fit expectations from braching
ratios B(W=* — (*v) ~ 11%. Nevertheless, this can be understood as due to the
higher reconstruction efficiency for muons and the looser selection cuts for the ep
channel, which has a larger acceptance since neither lepton pair mass constraints
nor EXS cuts are applied. In Figure 5.4 the transverse momentum distributions
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of these leptons are shown along with a comparison with ¢t MC expectations.

Table 5.3: tt dileptonic (expected) composition for data (POWHEG+PYTHIAG
MC) sample. It is to be noticed that e/u makes reference to the final reconstructed
lepton, but these can come from W+ — 7+ — ¢+,

Expected Data
Process Nowt % Nt %
tt— ete” 693 10.1 741 10.7
tt — ey 4626 67.4 4710 68.0
t— ptp 1545 225 1475 21.3
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Figure 5.4: Comparison of the lepton trigger pr distributions for data and
PowHEG+PYTHIA6 MC predictions, for electrons (left) and muons (right).

In order to shed light on the jet structure in the hadronic final states under
investigation, the normalized jet multiplicities as well as their pr spectra are
shown in Figure 5.5. The following features can be observed:

i) the jet activity is indeed very limited since 94% of the final states contain
at most 4 jets

ii) about 54% (45%) of the events contain one (two) b-tagged jet(s)
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iii) the mean pr of the b-tagged (non b-tagged) jets is 73.4 £ 0.4 GeV ( 63.2 +
0.4 GeV)

iv) MC expectations are in very good agreement with data for both jets pr and
multiplicities, see [55] for more details.

From MC expectations, the b-tagged jet sample has a purity of roughly 99%, while
the non b-tagged jet one, contains a fraction of 25% b-jets which are untagged
by the MV1 algorithm. These fractions have been calculated by matching reco
level jets, b-tagged or not, to their corresponding particle level jets which will be
properly defined in forthcoming Sections. These fractions are found to be largely
independent of whether non ¢t backgrounds, as given in Table 5.2, are considered
or not. This is illustrated in Figure 5.5.
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5.4 K and A reconstruction: background sub-
traction

5.4.1 Neutral particle reconstruction

Neutral strange hadrons are reconstructed in the K3 — 7t7~ (A — pr, A —

pr ™)t decay mode by identifying two tracks originating from a displaced vertex,
thus profitting from the long lifetimes of neutral kaon mesons (lambda baryons)
with erp ~ 2.7 cm (cm9 = 7.9 cm).
Tracks are recontructed within the |n| < 2.5 acceptance of the ID (see Ref. [134,
135]). The K2 (A) candidates are oppositely charged track pairs with pr >
100 (500) MeV and at least two silicon hits fitted to a common vertex. For K
reconstruction, the pion mass is assumed for both tracks, while the proton and
pion mass are assumed for the A case. Further requirements on these candidates,
see [86] for more details, are:

e The x? of the two-track vertex fit is required to be less than 15 (with 1
degree of freedom).

e The transverse flight distance (Ryy), the distance between the K (A) decay
point and the reconstructed primary vertex (jet secondary vertex if the K
(A°) is inside a jet) has to be 4 mm < Ry, < 450 mm (17 mm < R,y < 450
mm). This assures the reconstruction of the tracks inside the silicon part
of the detector.

e The angle between the K (A) momentum vector and the K2 (A) flight
direction (line connecting decay vertex to primary vertex, or secondary
vertex if the K (A) is inside a jet) has to satisfy cosfx > 0.999 (cosf, >
0.9998).

The KQ (A) candidates that fulfil these conditions, are then separated in three
classes: inside a b-tagged jet, inside a non b-tagged jet and outside any jet. To
this end the separation AR, in the n — ¢ plane, between the K¢ (A) line of flight
and the jet axis is computed. For AR < 0.4, a KQ (A) is associated with a jet,
b-tagged or not. Otherwise it is classified as outside any jet. There are no cases
of a K (A) inside two different jets simultaneausly.

The mass distributions of the candidates fulfilling all these conditions are shown
in Figure 5.6. These mass distributions exhibit a resonance structure, centered
around the nominal K¢ (A) mass, with flat tails extending at both sides. The MC

IFor A and A decays, the track with the higher pr is assigned the proton mass and the other
track is assigned the pion mass. In the following and due to statistics A will refer to the sum
of A and A particles.
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expectations agree fairly well with the data but for KQ (A) outside jets, where it
falls short by some 40%.
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Figure 5.6: The measured K (left) and A (right) mass distributions along with
PowHEGH+PyTHIA6 MC simulations.
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Due to the fact that pile-up conditions are different for data and MC samples, the
latter has to be reweighted on an event-by-event basis depending on the average
number of interactions per bunch crossing, < p >. The ATLAS toolkit package
PILEUPREWEIGHTING-00-02-03 has been used to implement this. In Figure 5.7
the < pu > distributions are shown before and after the reweighting, where the
agreement with the data is perfect as expected. The average < u > of the data
sample is 8.84.
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Figure 5.7: Comparison of the < p > distributions for data and

POWHEG+PYTHIAG MC, before (left) and after (right) applying pile-up reweight-
ing.

5.4.2 Background subtraction

In order to get rid of combinatorial background reconstructed as K (A), a

sideband subtraction can be used in the reconstructed mass distribution. The
signal range [480-520] MeV ([1106-1126] MeV) is considered for K9 (respec-
tively A) production. The background ranges are considered to be [460-480]
and [520-540] MeV ([1096-1106] and [1126-1136] MeV) for KQ (respectively A)
production. Events in the sidebands are given negative weights. The sideband
subtraction is applied to both data and MC samples at reco level.
The results of this simple sideband subtraction procedure, used as a baseline, has
been cross-checked by fitting the mass distributions to a gaussian centered at the
nominal mass plus a flat (linear) shape for the K§ (respectively A) background.
Variations on the background shape, (flat/linear), have been considered, and the
results agree within less than 10% of the statistical uncertainties. Figure 5.8
shows the results of the fits for the total sample of K§ and A candidates.
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The resulting numbers of signal and background events are found in good agree-
ment with the previous ones within statistical uncertainties. The resulting K2 and
A masses from fits to the total 77 and pm mass distributions are 497.8+0.2 MeV
and 1115.840.3 MeV, in perfect agreement with the PDG values. The K3 ( A)
widths from the fits are 6.834+0.03 MeV (4.16+£0.04 MeV), therefore the signal
ranges chosen for the background subtraction contains 99% (95%) of the signal.
The numbers of K and A particles reconstructed in the data after sideband back-
ground subtraction for the three classes considered as well as for the total sample
are shown in Tables 5.4 and 5.5. For completeness, the signal and background
estimates (in the signal regions defined above) extracted from the fits are also
shown.

The following remark is in order: the y? values of the fits are somewhat poor,
namely 55 (38) for 20 (10) KQ (A) data points. As already noted in [86, 87,
88, 89, 90], fitting to a double gaussian with a common mean value improves
considerably the quality of the fit. This exercise has been tried and in fact the
resulting x? values are 11 and 16 for K2 and A particles, giving very reasonable
p-values, Figure 5.9. The resulting gaussian mean values coincide with those
obtained before and the number of signal and background events are stable within
statistical uncertainties.

Table 5.4: The number of K§ particles reconstructed in the data after sideband
background subtraction, which is used as a baseline, for each class and for the
total sample, along with the signal and background estimates in the signal regions
as extracted from the fit to a gaussian (double gaussian) plus a flat background,
as a cross-check. All errors are statistical only.

Reco Fit Gaussian Fit Mod. Gaussian
Class Signal Signal Back. Signal Back.
Inside 530 £34 540 £38 309 =18 H74 £ 81 276 £ 21
b-tagged jets
Inside non 391 £25 416 +33 99+12 438+ 49 74+ 15

b-tagged jets
Outside any jet 1837 +49 1863 £ 70 216 £ 15 1965 + 77 135+ 18
Total sample 2758 £ 69 2777 £91 996 £ 32 2987 £ 140 831 £ 37
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Table 5.5: The number of A particles reconstructed in the data after sideband
background subtraction, which is used as a baseline, for each class and for the
total sample, along with the signal and background estimates in the signal regions
as extracted from the fit to a gaussian (double gaussian) plus a linear background,
as a cross-check. All errors are statistical only.

Reco Fit Gaussian Fit Double Gaussian
Class Signal Signal Back. Signal Back.
Inside 115+ 19 165 +£24 &8 +37 166 54 69 £ 30
b-tagged jets
Inside non 60+ 14 82 +18 b3 +£17 &5 +39 47+ 14
b-tagged jets
Outside any jet 183 + 18 185 +23 61 £ 13 201 =46 53 + 14
Total sample 363 + 31 405 4+ 40 254 + 42 445 +£ 87 216 + 39
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(a) K mass fit
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Figure 5.8: Invariant mass distribution for the total sample of K3 (left) and A
(right) candidates (black dots), in the data, along with their fitting functions (red

line).
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Figure 5.9: Invariant mass distribution for the total sample of KQ (left) and A
(right) candidates (black dots), in the data, along with their fitting functions (red
line) using a double gaussian with a common mean.

5.4.2.1 Validation of the background subtraction

As a further check of the validity of the background subtraction discussed in the
previous subsection, Figure 5.10 shows the POWHEG+PYTHIA6 7tn~ and prm
detector-level mass distributions for K§ and A candidates which can be matched
at particle level.
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Figure 5.10: Invariant mass distribution for the total sample of K§ (left) and
A (right)candidates in the POWHEG+PYTHIAG sample at detector level, which
found a match at particle level.

This Figure shows that 5 % (4 %) of the K2 (A) leak into the considered sideband
regions. In order to check the uncertainty due to this effect, the analysis has been
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repeated redefining the signal mass ranges to [475-525] MeV ([1104-1128] MeV)
for K2 ( respectively A) production. The new background ranges considered
are [450-475] and [525-550] MeV ([1092-1104] and [1128-1140] MeV) for K
(respectively A) production. Thus the mass ranges have been extended by 25 %
(20 %). With these new signal and sideband region definitions, the percentage of
signal K (A) leaking into the sidebands is much smaller than 1 %. The effects
of these variations after unfolding are discussed in Section 5.6.1.2.

To finish this subsection, a MC study was performed to check the A (KY) back-
ground in the K (A) candidate mass distributions. This is done by matching
the candidates at detector level to their corresponding truth particle. This is
illustrated in Figure 5.11 which shows that:

e the A background under the K¢ peak is negligible (in the order of 1 %).

e the K§ background under the A mass distribution is roughly 10 % and
equally distributed between signal and sideband regions.
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Figure 5.11: Invariant mass distribution for the total sample of KJ (left) and A
(right) candidates (black) in the POWHEG+PYTHIAG sample at detector level,
along with the A (left) and K? (right) background (blue).

5.4.3 Association with jets

In order to gain further insight into the procedure used to associate neutral
strange particles to jets, the angular separation in the (1,¢) plane between each
K2 and its nearest jet is shown in Figure 5.12. Two cases are considered depend-
ing on whether the nearest jet is b-tagged or not.

Clearly these distributions show that the K density is significantly higher in the
vicinity of the jet axis, b-tagged or not, than farther away by approximately one
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order of magnitude. The phase space outside the jet cone is much larger and the
K2 density is roughly constant between 0.4 < AR < 3.0 and falls sharply beyond
that limit. Furthermore, the MC description of the data is fair within the jet
cone, but underestimates the data outside the jet regions. This is also observed
in the neutral strange particles mass distributions above.
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Figure 5.12: The K{ angular separation (AR) to the nearest jet, depending on

whether the jet is b-tagged (top left) or not (top right), as well as for all jets
(bottom left), in data as compared with POWHEG+PyTHIA6 MC.
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5.5 Results at detector level

As already discussed in the introduction, neutral strange particle production
is studied in terms of simple and generally accepted kinematic variables, like the
transverse momentum pr, the energy FE, the pseudorapidity n, the transverse
flight distance R,, and the multiplicity N. For K and A production inside jets,
also the energy fraction, zx A = %, is considered .

To this purpose, the reconstructed K¢ and A mass distributions have been ob-
tained in different bins of the variables discussed above, and the number of back-
ground subtracted candidates have been determined, as discussed in the previous
Section. They have been normalized to the total number of events in the dilep-
tonic tt sample.

5.5.1 K¢ production at detector level

These distributions for K§ production are displayed in Figures 5.13 to 5.16.
Three different classes are considered i.e. K¢ inside b-tagged jets, non b-tagged
jets and outside any jet. For completeness the distributions for the total sample
are also shown. They have been compared to two broad MC models namely
POWHEG+PYTHIAG6 and MC@QNLO+HERWIG. Error bars (blue striped area)
give account for statistical (total, i.e. statistical plus detector level sytematics
added in quadrature) uncertainties in the data while the light blue shaded area
in the MC to data ratios give account for statistical uncertainties in the data.
Approximately two thirds of the total sample of KY’s are not associated with jets.
The KJ multiplicity inside b-tagged jets is similar to that inside non b-tagged jets.
The K spectra inside jets do not seem to strongly depend on whether the jets are
b-tagged or not. On the other hand, K$’s not associated with jets are softer in pr
or energy than those embedded in jets, b-tagged or not, and the pseudorapidity
is flatter.

The gross features of the data are fairly well described by both MCs with the
only exception of single K production i.e. K$’s which are not associated with
any jet. Here the MC expectations fall below the data by roughly 30 %.
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Figure 5.13: Kinematic characteristics for K production inside b-tagged jets,
for data and detector level MC simulated with the POWHEG+PYTHIAG and
MCQ@QNLO+HERWIG generators. Total uncertainties are represented by the
shaded area.
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5.5.1.1 Comparisons with Herwig+-+

The same distributions for K production are displayed in Figures 5.17 to 5.20
along with a comparison with MCQNLO+HERWIG++ predictions [136]. The
data description of this new generator is very similar to the old MCQNLO+HERWIG.
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and MCQNLO+HERWIG generators. Total uncertainties are represented by the
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5.5.2 A production at detector level

Similar distributions for A production are displayed in Figures 5.21 to 5.24.
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5.6 Unfolding to the particle level

In order to take into account detector effects, the data are unfolded to the
particle level. This allows a direct comparison with theoretical calculations as
well as with measurements from other experiments. For kinematic quantities
such as the transverse momentum and pseudorapidity, for which migrations are
negligible, this is done by computing the reconstruction efficiencies on a bin-by-
bin basis (as also in Refs. [75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 94, 95]). For
the multiplicity distributions, however, a Bayesian unfolding procedure is applied
because the bin-to-bin migrations are relevant.

5.6.1 Efficiency correction as a function of py, ||, energy
and energy fraction

The reconstruction efficiencies (¢) are calculated by dividing on a bin-by-bin ba-
sis each of the distributions (pr, |n|, energy and energy fraction) at reconstructed
and particle levels for each of the three classes considered:
Nep ~das

1 dN};;z;L[r\ticle

N;:)‘iitrtlcle dx;

(5.1)

€ =

where z; stands for the i-th bin in the variable z, which denotes any of the
kinematic variables mentioned above. They are shown in Figures 5.25, 5.26 and
5.27, for each of the classes discussed so far, as well as for the total sample. For
neutral strange particles embedded in b-tagged jets, this efficiency correction also
includes the b-tagging efficiency.

The particle level distributions are obtained using generator level trigger leptons,
i.e. leptons coming from W decays, jets and neutral strange particles (K$’s and
A’s) in those events fulfilling the selection criteria at reconstructed level. These
generator level jets are built using all particles with a lifetime above 107!s,
excluding muons and neutrinos. The kinematical criteria for jets at particle level
are the same as the reconstructed level ones, namely pr > 25 GeV and |n| < 2.5.
The b-jets are defined at the particle level, as those containing a B-hadron, with
pr > 5 GeV and AR < 0.3 from the jet axis. Particle level K’s and A’s,
including their neutral particle decay modes, are required to have status code
1 and to lie within |p| < 2.5 with an energy E > 1 GeV, as no K candidates
are reconstructed below that energy at detector level. Neutral strange particles
coming from secondary interactions with the detector material are removed by
demanding a barcode smaller than 200000. Similarly than for reconstructed level,
the K2’s (A’s) at particle level, which fulfill these conditions, are then separated
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in three classes: inside a b-jet, inside a non b-jet, and outside any jet, depending
on whether they are closer than AR = 0.4 to a b-jet or non b-jet at particle level.
MC studies show that migrations between classes when going from detector to
particle level are generally smaller than 5%. For example, K¢ candidates which
are not associated with any jet at detector level, have a 1% (3%) probability to be
classified as embedded in a b-jet (non-b-jet) at particle level. A notable exception
is that of K candidates inside non-b-tagged jets at detector level, which have a
32% probability to be classified as embedded in a b-jet at particle level. This is
due to the b-tagging efficiency, which is included in the reconstruction efficiency
as defined above.

The contribution of non-fiducial events, i.e. events which pass the detector-level
selection but are not present at the particle level, introduces a small bias which
is taken into account as a systematic uncertainty. More details are given in
Section 5.7.

The reconstructed distributions for K2 (A) particles in the data sample, are
corrected with a weight given by 1/¢;, depending on their class. The baseline MC
sample used for this purpose is the POWHEG+PYTHIAG generator. It is to be
noticed that since the MC simulation does not include the pile up at the particle
level, this efficiency calculation has the additional outcome of correcting for the
pile-up effects present at the reconstructed level. This correction would be as
accurate as the MC description of the pile-up at reconstructed level, and the
possible mismodelling is taken into account as a systematic uncertainty as will it
be explained in Section 5.7.

For completeness in Figures 5.25, 5.26 and 5.27 the efficiency calculation using
MCQ@QNLO+HERWIG is also shown. Both sets of efficiencies exhibit similar trends
and even are comparable for the total sample but do show numerical differences
within each of the three classes being considered.

Figure 5.25 shows that the reconstruction efficiency inside b-tagged jets is lower
than inside non-b-tagged jets, due to the fact that the average b-tagging efficiency
is 70% and the b-jet contamination in the non-b-tagged sample is around 30%. It
was checked that the efficiency for K¢ reconstruction inside b-jets is independent
of whether they are b-tagged or not at detector level. Since the efficiency mainly
depends on the transverse flight distance, i.e. the pr, the peak efficiencies for
energy and |n| are expected to be smaller as they represent an average over a
given pr spectrum. This has been studied by looking at the pr distribution of
the total K sample for two energy bins, i.e. below and above 10 GeV, showing
that K§ in a given energy bin are spread in pr.

The peak efficiency outside jets is higher than inside, and falls more sharply at the
distributions tails. This can be understood as due to a greater track density inside
jets which makes the K (A) reconstruction more difficult and the differences in
their transverse momentum spectra.. This efficiency outside jets is lower than
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the one reported in Ref. [86], but that was in a minimum bias sample, and with
less pile-up.
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Figure 5.25: The K reconstruction efficiency as a function of pr, |n| and energy
for POWHEG+PYTHIAG (left) and MC@QNLO+HERWIG (right) MC simulations.
Four classes are considered, for K inside b-tagged jets (green), inside non b-
tagged jets (black), outside any jet (blue), and the total sample (red).
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Figure 5.26: The A reconstruction efficiency as a function of pr, |n| and energy
for POWHEGHPYTHIAG (left), and MCQNLO+HERWIG (right) MC simulations.
Four classes are considered, for K¢ inside b-tagged jets (green), inside non b-
tagged jets (black), outside any jet (blue), and the total sample (red).
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Figure 5.27: The reconstruction efficiency for the K (A) as a function of the
energy fraction for POWHEG+PYTHIAG (left) and MCQNLO+HERWIG (right)
MC simulations. Two classes are considered, for K§ (A) inside b-tagged jets
(green) and inside non b-tagged jets (black).
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5.6.1.1 Cross-check on efficiency dependence with jet multiplicity

The question has been raised whether the efficiency corrections for neutral strange
particles can be affected by the jet multiplicity. In order to further investigate
this issue, these efficiencies have been recalculated for two samples of events
depending on whether the jet multiplicity is larger than 4 or not. In Figure 5.28
the total K efficiency corrections for which statistics are best, are shown as a
function of pr and |n| for these two samples as well as for the total sample. These
effiencies agree within statistical uncertainties. This could be expected since each
additional jet with radius R=0.4 just represents 1.5% of the total available phase
space (|n| < 2.5).
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Figure 5.28: The total K reconstruction efficiency as a function of pr and |n|
for POWHEG+PYTHIAG MC simulation. Three cases are considered, events with
more than 4 jets (green), equal or less than 4 jets (blue) and the total sample

(red).

5.6.1.2 Dependence on the signal and sideband region definitions

The unfolded KY pr and 7 distributions with the extended signal and sidebands
definitions discussed in Section 5.4.2.1 are compared in Figure 5.29 with the
nominal unfolded distributions. No systematics effects are observed.
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Figure 5.29: Comparisons of the total K unfolded pr and || distributions using
the nominal and extended signal and sideband region definitions.

5.6.1.3 Closure tests

As a closure test of the unfolding procedure for the neutral strange particle’s
transverse momentum and pseudorapidity, a comparison between the full statis-
tics POWHEG+PYTHIAG sample at particle level and the reco level unfolded with
its own efficiencies (1-D) is performed, which have to trivially agree with each
other if everything has been properly calculated.

In addition, a 2-D unfolding based on a pp-n binning was also tried, although
due to the low statistics only 2 bins in 7 were possible, namely |n| < 1.1 and
1.1 < |n| < 2.5. This is illustrated in Figure 5.30 which shows a comparison of
the two unfolding methods (1D and 2 D) as applied on the pr and 7 distributions.
The following comments are in order:

e the closure test is successful on the pr distribution, for both methods 1D
and 2D, since the binning is common for both unfoldings.

e the closure test on the 7 distribution is also trivially succesful for the 1D
unfolding using the n efficiencies, while the 2D unfolding using the pr-n
efficiencies fails due to the fact that in the latter only two bins in n were
possible as mentioned above.

e the closure test on say n fails when applied using the pr efficiencies
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One could be tempted to think that the efficiency for reconstructing neutral
strange particles would only depend on transverse momentum and pseudorapidity
since these two variables determine the track reconstruction goodness. This is not
indeed generally so, as for example for the energy of the neutral strange particles.
Figure 5.31 shows that the closure test for this distribution is not completely
successful when applied using pr(—n) efficiencies.

This leads to the necessity of either a 1-D direct unfolding for each distribution,
or an N — D unfolding, where N is the number of distributions considered in
the analysis. This is in general precluded by statistics. This is also the method
followed by the ATLAS Minimum Bias analysis [86], where in spite of their far
better statistics a 1D unfolding is preferred over a 2D.

— 6 - —~ 6 T T T p
o\x/ 1052 K3: outside jets E Ox 105 Kg: outside jets 3
w 108 e fiPythia corrected = EJ/w e tt Pythia corrected 5
, o' ) fi Pythia truth 3 o 10 [tt Pythia6 truth =
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Figure 5.31: Closure test for the unfolding of the energy distribution for
POWHEG+PYTHIA6 MC reco KQ's not associated with jets. Efficiencies are
calculated as a funtion of energy (left) and pr (right). The nominal unfolding
procedure is the one on the left.

Nevertheless, there are variables which are strongly correlated with pr and n
for which a closure test with pr(—n) efficiencies should work successfully. One
such example is the angular separation (AR) of each KY to the nearest jet. This
has been shown at reconstructed level in Section 5.4.3, see Figure 5.12. The
directly unfolded distributions are presented in Figure 5.32 below along with a
comparison to MC expectations at particle level. They show similar features to
those discussed at reco level in Section 5.4.3.
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Figure 5.33 shows the results of a closure test for the AR distribution. The
PowHEGH+PYTHIAG MC at particle level is compared to the corresponding dis-
tribution at reco level unfolded using a 1-D (pr) and 2-D (pr-n) efficiencies.
Though some residual effects are still presented, the results of the closure test are
reasonable and they can be summarised as follows:

e for the part inside jets (AR < 0.4), both methods give similar results
e for 0.4 < AR < 3, the 1-D unfolding gives ratios nearer to unity

o for the tail (AR > 3), the 2-D unfolding performs better, this could be
explained since the information from the n efficiencies, in particular at large
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n values, becomes more relevant when the K¢ are far away from any jet,
which are mostly centrally produced
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Figure 5.33: Closure test for the unfolding of K§ angular separation (AR) to the
nearest jet for POWHEG+PYTHIA6 MC reco. Efficiencies are calculated as a
funtion of pr-n (left) and pr (right).

5.6.1.4 Cross-check: efficiency vs. Bayes

The unfolding based on the efficiency calculations disscused in this subsection
relies on the assumption that the neutral strange particles, once reconstructed,
are very well measured. As an alternative a Bayesian unfolding [137] as imple-
mented in the RooUnfold programme [138] was tried. The method numerically
calculates the inverse of the migration matrices for each of the distributions under
study. The POWHEG+PYTHIA6 MC sample is used to determine these migration
matrices by matching detector-level and particle-level K¢ that are in the same
class and have an angular separation AR < 0.01. The resulting matrices exhibit
a very pronounced diagonal correlation. This is illustrated in Fig 5.34, which
shows the K{ not associated with jets, pr, energy and pseudorapidity transfer
matrices, as well as the energy fraction (zx) for K associated with non b-tagged
jets. The number of iterations is chosen such that the residual bias, evaluated
through a closure test as discussed in Section 5.7, is within a tolerance of 1% for
the statistically significant bins as in Ref. [139].

The results (NPa%%) of this Bayesian unfolding procedure are given by:

parti __ ]  ppart,i part,i
N = E :Ndetecu X 6detec,]Acletec,j/ €

J
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where 7 and j are the particle and detector level bin indices, respectively, Ngctec,j

is the data result at detector level, AR ; is the migration matrix refined through

iteration as explained above, and €qetec; and ePati the matching efficiencies for
detector and particle level neutral strange particles.
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Figure 5.34: Transfer matrices for K¢, not associated with jets, pr (top left) and
energy (top right), n (bottom left) and zx (bottom right) for K associated with
non b-tagged jets. These matrices are obtained with the POWHEG+PYTHIAG
generator.

The results obtained with the Bayesian unfolding are found to be in very good
agreement within statistics with the bin-by-bin unfolding used before, which by
the way was used by the TASSO [81] and ZEUS [94]collaborations. This is even so
for the energy fraction (z). This is illustrated in the Figures 5.35 and 5.36 below
for K§ inside b-jets and not associated with jets, respectively, where the ratio
between the unfolded distributions using bin-by-bin and Bayes are presented.
The statistical uncertainty in the ratios have been calculated using the Bootstrap
method in order to take into account possible correlations.
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5.6.2 Bayesian unfolding of the multiplicity

To correct the multiplicity distributions, the previous method based on a bin-
by-bin efficiency correction, cannot be applied due to the big migrations between
detector and particle levels. Transfer matrices are filled on an event-by-event basis
with the multiplicities at detector and particle level from the POWHEG+PYTHIAG
sample. They are shown in Figure 5.37 and Figure 5.38 for K and A production
respectively. This procedure allows calculation the conditional probabilities that
a given reconstructed multiplicity N,eco comes from a given particle multiplicity
Npart- Then the detector level data multiplicity distributions can be unfolded by
applying Bayes theorem.
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of the MC simulation, normalized to 100 % for each column. For the four classes
discussed in the text.

These matrices show significant non-diagonal terms. This is expected in par-
ticular for neutral strange multiplicities non associated with jets, which are the
largest, since reconstruction efficiencies are of the order of 25% and at particle
level invisible decays are being considered. Therefore, one could think that the
unfolding with these matrices is not trustworthy. In order to cross-check on this,
another set of multiplicity transfer matrices has been calculated by considering
at particle level only the visible decays (KJ — 7"7~). They are shown in Figure
5.39. The importance of nondiagonal terms is reduced as expected, so that this
second set is chosen to perform the unfolding procedure.
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The bayesian unfolding has been done with the iterative method as implemented
in the RooUnfold tool [138, 137]. This method attempts to calculate numerically
the inverse of the transfer matrices for the multiplicity applying the Bayes theorem
with an iterative algorithm. It uses the transfer matrices shown above and the
data multiplicity at the detector level. The number of iterations has been chosen
such that the residual bias, evaluated through a data-driven closure test is within
a tolerance of 1% for the statistically significant bins. This is the criteria followed
by the ATLAS measurement of the inclusive jet cross-sections [139].

5.6.2.1 Propagation of statistical uncertainty. The bootstrap method

For calculating properly the propagation of the statistical uncertainties from
the reconstructed data and the conditional probabilities to the unfolded multi-
plicity distributions the Bootstrap generator tool is used. It is based on a Poisson
weight generator to create 1000 replicas of the transfer matrices, and a statisti-
cally independent generator to create another 1000 replicas of the reconstructed
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data multiplicity distributions. The RMS of the replicas is taken as the statistical
uncertainty of the unfolded distribution.

To check that these statistical uncertainties are well behaved, i.e. Gaussian like,
pulls have been calculated for each bin of the multiplicity distribution, as the
ratio between the difference of a replica content and the nominal one to the
satatistical error in that bin. As long as the errors are Gaussian, the pull for each
bin should follow a Normal distribution i.e. a Gaussian centered at zero with
standard deviation equal to one.

These pull distributions for the replicas of each bin are shown in Figures 5.40 to
5.43. They are found to conform to the expectations discussed above. In fact,
the RMS of these distributions deviate from unity at most by 1-2 %, while the
mean values deviate from zero an order of magnitude less than their statistical
uncertainty of 0.03.
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Figure 5.40: The pulls of unfolded multiplicity for KQ associated with b-jets,
calculated by the bootstrap method.
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Figure 5.41: The pulls of unfolded multiplicity for K§ associated with non b-jets,
calculated by the bootstrap method.
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Figure 5.42: The pulls of unfolded multiplicity for K not associated with jets,
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5.7 Systematic uncertainties

The main aim of this note is to study the general characteristics of neutral
strange particle production in ¢f final states, like the average number of KQ’s
or A’s, and not their cross-sections. Thus, many systematic uncertainty sources
considered in top cross-section measurements, in particular those related to the
lepton and b-jet scale factors, do not apply here.

In this Section the following systematic uncertainties will be discussed, namely:

e the systematic uncertainty related to the choice of a MC generator for the
unfolding

e the systematic uncertainty related to how well the MC model for the pile-up
describes the data at reconstructed level

e the systematic uncertaity related to the jet energy scale (JES) and resolu-
tion (JER)

e the b-tagging efficiency working point
e the systematic uncertainty related to the unfolding non-closure

e the systematic uncertainty related to experimental uncertainties due to
tracking, GEANT version, dead material and magnetic field, which are re-
ported in [86, 140)]

e the systematic uncertainty due to out of fiducial events.

As it is shown below, the main source of uncertainty is the choice of the MC
generator for the unfolding, which turns out to be of the order of 20 %.

5.7.1 MC generator uncertainties

As it was explained in the previous Section, the POWHEG+PyYTHIA6 MC gen-
erator is chosen to perform the efficiency correction for the kinematical distribu-
tions and the bayesian unfolding for the multiplicities. Therefore the result of
the unfolding depends to some extent on the choice of MC generator to perform
it. This is so because the reconstruction efficiencies for neutral strange particles
depend on their transverse spectra, and different Monte Carlos exhibit differences
in these transverse momentum profiles.
This relative systematic uncertainty, a;\;lg, is estimated as the difference between
the unfolded data using POWHEG+PYTHIA6 (nominal MC) and MC@Q@NLO+HERWIG
(as a comparison), see Section 5.2 for more details on the MC simulations, divided

by the data unfolded by Pythia. This is expressed in the Eq. 5.2 below. This
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equation is used to calculate the systematic uncertainty on a bin-by-bin basis for
each distribution and each class as discussed in previous Sections.

PyTHIAG HERWIG
MC __ |DataCorrected B DataCorrected (5 2)
syst DataPYTHIAG )
Corrected
Here Data&e™. ..q is the data at reconstructed level divided by the recontruction

efficiency calculated with the MC generator (Gen. = PYTHIAG/HERWIG):

MCGen' B Datareco

Gen. _ part
Datacopyocted = Datareco N CGer — — Gen (5.3)
where, the efficiency €%°" is defined as:
Gen.
6Gen. _ MCreco (5 4)
- Gen. :
MCHt
Therefore substituting 5.3 in 5.2 one obtains:
MCP;’thHIAG MCIIé;arRtWIG
MC Datareco Mcir)’e\élc")ﬂm(i - Mciljle%féwl(:’ EPYTHIAG
syst — MC;’;E?IM = | - HERWIG ’ (55)

Data 7 ADYTHIAG
reco MCFEE_E,HIA(’

On the other hand, another standard option is to estimate this uncertainty, a;\;[gz,

as the relative difference between the nominal MC POWHEG+PYTHIAG at recon-
structed level, unfolded using efficiencies from the MCQNLO+HERWIG MC gen-
erator, M CEYTHAG and the Pythia MC at particle level. In Eq. 5.6, applying

Corr.(HERWIG)?
the definitions of efficiency and correction as above, one obtains:

| MCPYTHIAG _ MCPYTHIAG

MC Corr.(HERWIG) part .

g =
syst2 PyTHIAG
MCo

6 MCHEKWJG) (56)

PyYTHIA part PYTHIAG
’Mcreco HERWIG) MCpart 6PYTHIA(S
P MCreCO

MCII;’;;%‘HIAG EHERWIG

Clearly both approaches give the same results.

In spite of the fact that the statistics in the POWHEG+PYTHIA6 and the MCQNLO-+HERWIG
samples are far better than that in the data, when computing Ui\;[scta with the bin-

ning shown in Section 5.5, one is still dominated by statistical fluctuations. To

get rid of them a;\;[g has been calculated with a new coarser binning and the
statistical uncertainty has been added to it. The outcome of this procedure for
every distribution can be found in appendix A.1.

In Figures 5.44 and 5.45 the values of the relative sytematic uncertainties for all

the K2 and A distributions and classes are shown.
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In|, energy, energy fraction (x ) and multiplicity. Four classes are considered, for
K2 inside b-jets (green), inside non b-tagged jets (black), outside any jet (blue),

and all the sample (red).
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The systematic uncertainties due to the MC generator used for the unfolding are
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dominant among all the uncertatinties investigated in the coming subsections. An
attempt is made to separate the effect due to the matrix element (ME) calculation
from the parton shower (PS) and hadronisation scheme. In a first step, the
difference between the unfolded data using POWHEG+PYTHIA6 (nominal MC)
and POWHEGH+HERWIG (as a comparison) is calculated, see Figure 5.46. Here
the only difference lies in the PS and hadronisation scheme, since they both use
the same ME. As it can be seen, Figure 5.46, these uncertainties are of similar
order than those shown in Figure 5.44, in which both PS and ME in the generator
changed.

In a second step, the relative difference between the unfolded data has been also
obtained by using the MCQNLO+HERWIG and POWHEG+HERWIG. Now the
only difference lies the ME since they both use the same PS and hadronisation
scheme. As shown in Figure 5.47, uncertainties due to ME are lower than the
ones due to PS only. There is here a caveat, since for this comparison of different
ME generators, also the reconstruction is different, as ATLASFASTII is used for
PowHEG+HERWIG, and full simulation with GEANT4 for MCQNLO-+HERWIG,
so the uncertainties shown in this Figure are not due to ME only. As a further
cross-check to see the importance of reconstruction simulations, a comparison
with two POWHEG+PYTHIAG samples, one with ATLASFastIl and another with
GEANT4, is shown in Figure 5.48. These uncertainties are similar to those in
the previous Figure, so the uncertatinties due to ME only are even smaller than
shown in Figure 5.47. This is a good hint that the main uncertainty comes from
the PS and hadronisation scheme and not from the ME calculation, as expected.
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Figure 5.48: The K systematic uncertainties due to the MC generator as a
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and all the sample (red). These uncertainties have been obtained by comparing
unfolded data using POWHEG+PYTHIAG with ATLASFastIl and GEANT4, to see
the effects due to different reconstruction simulations.

5.7.1.1 Unfolding to visible vs. invisible decays

As shown in Eq. 5.5, the systematic uncertainties due to the MC modelling
should be the same irrespectively of whether only visible decays are used at the
particle level or not. This is so because due to isospin (SU(2)) symmetry there
are no differences in the kinematical spectra for say K$ — 7°7% and K§ — 77n~.

5.7.1.2 Bin-by-bin vs. Bayes unfolding

The systematics for this dominant source, which is due to the choice of MC in
the unfolding, are really similar no matter which method is used. This is shown
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in the Figure 5.49 below, Bayes (right) and bin-by-bin (left).
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Figure 5.49: The K¢ systematic uncertainties due to the MC generator,
POWHEG+PYTHIA6 (nominal MC) vs MCQNLO+HERWIG, as a function of pr
for bin-by-bin (left) and Bayes (right) unfolding. Four classes are considered, for
K2 inside b-jets (green), inside non b-tagged jets (black), outside any jet (blue),
and all the sample (red).

5.7.2 Pile-up uncertainties

As a first attempt to check how well the MC pile-up modelling describes the
data, plots as in Figure 5.6 showing the K2 and A candidates mass distribu-
tions are repeated but dividing the sample in two halves with average number
of interactions per bunch crossing, < p >, higher or lower than the median
(< p >=8.36).
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Figure 5.50: The measured K candidates mass distributions for the high (left)
and low pile-up (right) subsamples, along with POWHEG+PyYTHIA6 MC simula-

tion. The mass distributions are scaled to a bin width of 4 MeV.
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Figure 5.51: The measured A candidates mass distributions for the high (left) and
low pile-up (right) subsamples, along with POWHEG+PyTHIA6 MC simulation.
The mass distributions are scaled to a bin width of 4 MeV.
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In Figures 5.50 and 5.51 comparisons of the high and low pile-up subsamples are
shown. It is to be noticed that for neutral strange particles associated with jets
(b-tagged or not) the number of K$’s (A’s) is equally distributed between the two
subsamples. This is not the case for neutral strange particles not associated with
jets for which the high pile-up subsample shows a higher neutral strange particle
multiplicty. Furthermore, the disagreement between data and MC samples for
K2’s (A’s) production not associated with jets is slightly bigger in the high pile-up
than in the low pile-up subsample.

The K2 and A yields at reconstructed level for the high and low pile-up subsam-
ples, as well as for the total sample, are shown in Tables 5.6 and 5.8 (5.7 and 5.9)
for data (POWHEG+PYTHIAG MC). Note that the yields are mostly unaffected by
the pile-up, within the statistical uncertainties, for KQ’s and A’s associated with
jets, b-tagged or not, while for the not associated with jets, the yields increase
with the pile-up (< g >). Thus only pile-up systematics to the latter category
have been considered.

Table 5.6: K yields at the reconstructed level data, for the high and low pile-up
subsamples, as well as for the total sample.

High PU Low PU Total
Class <ng > E(stat) < ng > £(stat) < ng > *(stat)
Inside b-jets 0.072 £ 0.005 0.081 £ 0.005 0.077 £ 0.004
Inside non b-tagged jets 0.061 £ 0.004 0.052 £ 0.004 0.056 £ 0.003
Outside any jet 0.31 +0.011 0.220 £ 0.009 0.265 £ 0.007
Total sample 0.45+0.015 0.361 £0.013 0.403 £0.010

Table 5.7: K yields at the reconstructed level POWHEG+PYTHIA6 MC, for the
high and low pile-up subsamples, as well as for the total sample.

High PU

Low PU

Total

Class

< ng > £(stat)

< ng > £(stat)

< ng > £(stat)

Inside b-jets

Inside non b-tagged jets

Outside any jet
Total sample

0.0794 £ 0.0014
0.0543 £ 0.0011
0.2403 £ 0.0023
0.3823 4= 0.0034

0.0834 £ 0.0013
0.0556 £ 0.0011
0.1797 £ 0.0019
0.3267 4= 0.0030

0.0814 £ 0.0010
0.0550 £ 0.0008
0.2091 £ 0.0015
0.3538 £ 0.0023

151



Table 5.8: A yields at the reconstructed level data, for the high and low pile-up

subsamples, as well as for the total sample.

High PU

Low PU

Total

Class

< np > x(stat)

< mp > £(stat)

< np > £(stat)

Inside b-jets

Inside non b-tagged jets

Outside any jet
Total sample

0.0118 £ 0.0021
0.0081 £ 0.0015
0.0303 = 0.0031
0.0482 +£ 0.0044

0.0214 +£ 0.0026
0.0107 £ 0.0019
0.0225 £ 0.0026
0.0578 £ 0.0045

0.0166 £ 0.0016
0.0094 £ 0.0012
0.0264 £ 0.0020
0.0529 £ 0.0031

Table 5.9: A yields at the reconstructed level POWHEG+PYTHIAG MC, for the
high and low pile-up subsamples, as well as for the total sample.

High PU

Low PU

Total

Class

< np > (stat)

< mp > £(stat)

< mp > £(stat)

Inside b-jets

Inside non b-tagged jets

Outside any jet
Total sample

0.0111 £ 0.0005
0.0102 £ 0.0005
0.0200 = 0.0006
0.0437 £ 0.0010

0.0102 £ 0.0005
0.0120 £ 0.0005
0.0151 == 0.0005
0.0397 £ 0.0009

0.0107 4= 0.0003
0.0111 4 0.0003
0.0175 £ 0.0004
0.0416 £ 0.0007

Figure 5.52 below shows the outside jets K multiplicity dependence on the aver-
age number of interactions per bunch crossing (< p >), along with a comparison
to the POWHEG+PYTHIA6 MC sample.
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Figure 5.52: K§ average multiplicity outside jets (left) and the corresponding
efficiency (right) as a function of < p > for data and POWHEG+PYTHIAG MC,
along with fits to linear distributions.

The dependence of < nxg > on < p > is linear in both data and MC. In fact
the slopes of straight lines fitted to them (< ng >= a +b < p >), yield the
results byc = 0.0092 £ 0.0003 and by, = 0.012 £ 0.002. The fitted intersect
values are apc = 0.128 + 0.004 and agu, = 0.16 &= 0.02. The fitted values
for slope and intersect in the data are larger than those in MC, by one and a
half standard deviations. On the other hand, the dependence of the efficiency
on < p > is also fitted by a straight line resulting in a. = 0.057 4+ 0.002 and
be = 0.004 £ 0.0002. Using these numbers, the data on the mean K multiplicity
outside jets PU corrected (i.e < p >= 1) and unfolded to the particle level turns
out to be < ng >= (@gatq +bdata)/(ac+b:) = 0.172/0.061 = 2.82, which is in good
agreement with the resulting < nx > from unfolded data using the efficiencies as
a function of pr as shown in Table 5.12, Section 5.8.

In order to correct for this small mismodelling in the MC, reco level KQ’s not
associated with jets have been reweighted to mimic the data slope, i.e. the < p >
dependence associated with pile-up. To be more precise, the weights have been

defined as:
o = e + bdata < p1 > (5.7)
aye + bye < p>
In order to illustrate the effect of this data-driven pile-up reweighting the com-
parisons presented in Figures 5.52a and 5.19c are shown again in Figure 5.53,
after the procedure discussed above. Clearly, the discrepancies observed in the

data-MC comparisons at reco level have been reduced. These discrepancies have
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not been completely gauged away because the intersect a, which is not related to

pile-up, has not been retuned.
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Figure 5.53: K§ average multiplicity outside jets as a function of < p > (left) and
pseudorapidity distribution (right) for data and POWHEG+PYTHIA6 MC after

pile-up reweighting.

As a further test that the reweighting is producing the expected effects, two
variations in the procedure have been done, shifting up and down the value for the
slope bgqie in the numerator of Eq. 5.7 by an amount given by the statistical error
of the data fit. The results are shown in Figure 5.54 below. Linear fits to these
two variations result in the following values for the slopes by;c = 0.0119+0.0004,
brrcup = 0.0136 £ 0.0004 and bascdown = 0.0099 £ 0.0004 in very good agreement

with the expectations.
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Figure 5.54: K average multiplicity outside jets as a function of < p > for data
and POWHEG+PYTHIAG MC after pile-up reweighting (PRW) with up and down

variations.

New efficiency sets are calculated using this reweighted reco level MC, including
up and down variations on the slope given by the statistical uncertainty on the

data fit. This data-driven procedure allows

to calculate the systematic uncer-

tainty due to pile-up as the relative difference between the nominal reweighted
unfolded distribution and the two up and down variations. The results are shown
in Figure 5.55 and found to be of the order of 8% which is smaller than the

previous systematics due to the choice of the
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Figure 5.55: The K systematic uncertainties due to the pile-up modelling in
POWHEG+PYTHIAG (nominal MC), as a function of pr, |n|, energy, and mul-
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b-tagged jets (black), outside any jet (blue), and all the sample (red).

The statistical errors in the systematic uncertatinty have been calculated using
the Bootstrap method, they turned out to be small. This is understood since
this systematic uncertainty is essenctially the deviation from one of the ratio
between two efficiency sets, the nominal and the up and down variations using
the same POWHEG+Pythia MC sample. The pulls obtained from the replicas
in the Bootstrap procedure are shown in Figure 5.56. They exhibit a normal
distribution behaviour as expected. The same comment as at the end of Section
5.6.2.1 applies here.
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An additional test has been performed by reweighting the MC samples as to match
also the intersect of the data fit, changing the aj;c by @gate in the numerator of
Eq. 5.7. The shifted sets of efficiencies are then calculated by just changing the
baata as before. The resulting uncertainties are of the order of the previous one,
but slightly smaller (around 6%) since the background fraction is reduced as the
intersect in data is higher than in MC sample. In Figure 5.57 it is shown that
after reweighting the MC samples match almost completely the data.
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Figure 5.57: K§ average multiplicity outside jets as a function of < p > (left) and
pseudorapidity distribution (right) for data and POWHEG+PYTHIA6 MC after
pile-up reweighting, including agq¢4.

As a further cross-check the fits discussed above have been repeated for two
subsamples at low and high pr. The results are shown in Figures 5.58 and 5.59.
The following remarks are in order:

e the < p > dependence of both subsamples is very different, the low pr
sample being much steeper

e the MC reproduces this feature fairly well

e this gives further support to the procedure described above for the estima-
tion of the pile-up systematics.
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5.7.3 JES and JER uncertainties

In this subsection, the propagation of the jet energy scale (JES) [130] and jet

energy resolution (JER) [141] uncertainties to the K and A systematic uncer-
tainties are calculated. These effects will be found smaller than the uncertainties
due to the choice of MC for the unfolding, since they affect most of the distri-
butions indirectly through slight changes in the number of jets passing the cuts
(see Section 5.3). The only distribution directly affected by these uncertainties
is the energy fraction (zx ). of the scalar sum of the two leading jets transverse
momenta (Xpr ;).
To propagate the JES to the K§ and A systematic uncertainties, the energy
and transverse momentum of all jets are shifted up and down by the global
JES uncertainty (taking into account whether the jet is a b-jet or not) in the
PowHEG+PyYTHIA6 MC sample at reconstructed level and before applying the
cuts. The K¢ and A relative systematic uncertainties due to this shift are asym-
metric since the increment in number of jets passing all cuts (Section 5.3) when
the JES is added, is different from the reduction when it is subtracted. There-
fore, the K and A systematic uncertainties associated with the JES, a;lﬁf “P(
J;’ﬁfdow"), are calculated on a bin-by-bin basis for each distribution and for each
class, as the positive (negative) relative differences between the nominal distri-
bution and shifted ones, more details can be found in Appendix A.3.

Pythia Pythia Pythia Pythia

JESup __ [MCJrJE'S B Mcnominal MCLJES T Mcnominal] (5 8)

O syst = pos MCPythia ) MCPythia )
nominal nominal
Pythia Pythia Pythia Pythia
JESdown __ [MC+JES B Mcnominal MC—JES B Mcnominal] (5 9)
syst = neg MCPythia ’ MCPythia )
nominal nominal

In Figures 5.60 and 5.61 the values of the relative sytematic uncertainties for all
the KQ and A distributions and classes are shown. They are all below 5 %, except
for some bins.
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The JER in the ATLAS calorimeter is given by the following equation:

% = E fan i @ C

pr pr DT
where the N,S and C constants are used to parametrize the noise, stochastic
and constant terms. To calculate the relative systematics due to this effect, the
energy and transverse momentum of all jets, in the POWHEG+PyYTHIAG6 MC
sample at reconstructed level before applying cuts (Section 5.3), are smeared
with a Gaussian distribution centered in unity and with standard deviation equal
to the JER uncertainty for that jet, as a function of pr and pseudorapidity [141].
Then the K§ and A relative systematics (c7)5/*) are obtained on a bin-by-by basis
for each distribution and class, as the absolute value of the relative deviation of
the smeared from the nominal distributions (Eq. 5.11)

(5.10)
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In Figures 5.62 and 5.63 the values of the relative systematic uncertainties for
the K2 and A distributions and classes , are shown, further details can be found
in Appendix A.3. They are of the same order as the systematics due to the JER
uncertainties.
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any jet (blue), and all the sample (red).
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5.7.4 b-tagging uncertainties

In order to study the systematics induced by the choice of the b-tagging working
point, the analysis has been repeated using two additional working points, namely
those giving a b-tagging efficiency of 60% and 85%. The main obvious effect of
this is that the number of jets classified as b-tagged ( or not) is going to change.
Nevertheless, since as shown in Fig 5,6 and 14, 15, the distributions for K2 and A
production inside b-tagged jets are very similar to those inside non b-tagged jets,
the uncertainties for normalized distributions are expected to be small. In Table
5.10, the average multiplicity for K production per b-tagged jet (or non b-tagged
jet) is shown to be independent from the choice of b-tagging working point within
the statistical uncertainty. Therefore, one can conclude that the systematics due
to the b-tagging working point are negligible.
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Table 5.10: Total number of jets classified as b-tagged or non b-tagged, number
of jets containing K or A, and K (A) reconstructed average multiplicities per
jet for each class and for the total sample. Three b-tagging working points are
considered, namely ¢, = 70%, ¢, = 60% and ¢, = 85%

€p = 70% €p = 60% €p = 85%

Number of b-tagged jets 10187 8747 12023
Number of non b-tagged jets 8369 9809 6533
Number of b-tagged jets with Kg 490 395 583
Number of non b-tagged jets K2 373 468 280

< nx > inside b-tagged jets 0.052 £ 0.003 0.048 £ 0.004 0.052 + 0.003
< ng > inside non b-tagged jets  0.047£ 0.003  0.051 £ 0.03  0.045 £ 0.003
Number of b-tagged jets with A 109 91 128
Number of non b-tagged jets A 63 81 44

< my > inside b-tagged jets 0.011 £+ 0.002 0.011 £ 0.002 0.011 £ 0.002

< np > inside non b-tagged jets  0.008 £ 0.002 0.009 £ 0.003 0.007 £ 0.002

5.7.5 Unfolding Non-closure

The unfolding non-closure uncertainty is calculated in two steps. In the first
step, the pr, energy, energy fraction, pseudorapidity and multiplicity reco level
MC distributions are reweighted to match the data. Then, these reweighted
MC distributions are unfolded to the particle level on a bin-by-bin (for the pr,
energy, energy fraction and || distributions) or Bayesian (for the multiplicity
distributions), and compared to the reweighted particle level MC. The latter are
obtained directly from the transfer matrices and the reco level weights. This gives
a very small uncertainty, as shown below in Figure 5.64 and 5.65.
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Figure 5.65: The A systematic uncertainties due to the unfolding non-closure, as a
function of pr, |n|, energy, energy fraction (zx) and multiplicity. Four classes are
considered, for K inside b-jets (green), inside non b-tagged jets (black), outside
any jet (blue), and all the sample (red).
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5.7.6 Tracking Inefficiencies

In other to estimate the systematics due to tracking inefficiencies, and taking
into account that MC samples for t¢ events with different GEANT versions are
not available, use has been made of Table 4 in reference [140] where the sys-
tematics due to tracking inefficiencies as a function of pseudorapidity and trans-
verse momentum are given. Typically these are of the order of 2% for tracks in
minimum-bias events. The followed procedure is therefore to loop over neutral
strange particle candidates, determining the indices of their tracks and deleting
them if a random number generator gives a value below the tabulated systematic.
The results, obtained by fitting the resulting K mass distributions before and
after the deletion of the tracks, are summarised in Table 5.11 below.

Table 5.11: K systematics due to tracking inefficiencies for each class.

KQ Class Percentage (%)
Inside b-tagged jets 4.9
Inside non b-tagged jets 4.2
Outside any jet 5.1
Total sample 4.9

Notice that this table has been extended to contain the systematics not only for
K2 outside jets, but also inside jets, b-tagged or not. In doing so, the validity
of the systematics in reference [140], originally derived for minimum-bias events,
has been assumed for tracks in a dense environment as given by a jet. In order
to check whether there are additional systematics not taken into account in the
procedure described above, possible deviations in the MC description of the Kg
production dependence on the angular separation to the jet-axis (AR) and jet
transverse momentum have been investigated. The results are shown in Figure
5.67 below.

In order to propagate this reco level systematics to the Bayesian unfolded mul-
tiplicity, the procedure is as follows. Firstly, the reco level data multiplicity
distributions are shifted down by the amount given in Table 5.11. Then these
shifted distributions are unfolded using the nominal transfer matrices, and the re-
sulting relative differences between these and the nominal unfolded distributions
are assigned as systematic uncertainty, see Figure 5.66.
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Figure 5.66: K{ unfolded multiplicity systematic uncertainty due to tracking
inefficiencies.

The following comments are in order:

e the systematics due to tracking inefficiencies discussed above are smaller
than the statistical errors affecting the K@ signal reconstruction

e the MC description of the K production dependence on AR and jet trans-
verse momentum is fair and shows no indication of additional systematic
effects in jet-like configurations

e therefore they are not considered any further.
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Figure 5.67: K production inside jets, b-tagged (left) or not (right), as a function
of jet pr (top) and AR (bottom) for data as compared to POWHEG-+PYTHIAG
(red) and MC@QNLO+HERWIG (blue) MC simulations.

5.7.7 Out of fiducial events

In order to take into account effects due to out of fiducial events,a compari-
son is made between K2’s and A’s distributions at particle level, for two sam-
ples of events selected using the reco or the particle level criteria, using the
POWHEG+PYTHIA6 generator. To be more precise, ¢t dileptonic final states at
particle level are requested to contain:
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e two opposite charge leptons, electrons or muons, coming from W decays,
with the same cuts in isolation, pseudorapidity and transverse momentum
as applied at reco level

e at least two jets with the same fiducial cuts as those at reco level, and the
same lepton-jet overlap removal criteria

e at least one of these jets should be a b-jet with the definition given in
subsection 5.6.1.

For ee and pup final states the missing transverse energy is calculated from the
neutrinos coming from W decays and the same cuts in the dilepton mass are
applied as at reco level. While for ep final states the Ht variable is defined as
at reco level. It should be noted that these last requirements, are essentially
irrelevant.

The results of this MC comparison are shown in Figures 5.68 and 5.69 below for
the pr, |n|, energy, energy fraction and multiplicity distribution of K$’s and A’s.
Typically these systematics due to out of fiducial events are below 5%.
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5.7.8 Total systematics

In Figures 5.70 and 5.71 the values of the relative sytematic uncertainties for all
the K and A distributions and classes are shown. These total systematic uncer-
tainty distributions have been calculated as the quadratic sum of the previously
mentioned systematics.

As already mentioned in Section 5.6, the systematic uncertainty due to the fiducial
definition of the dileptonic ¢t final states is at the per cent level.
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5.8 Results at the particle level

The K¢ and A yields for corrected data and POWHEG+PYTHIAG MC at particle
level are shown in Tables 5.12 to 5.14, as obtained from the unfolded pr and
multiplicity (N ) spectra.

Table 5.12: K2 unfolded (particle level) average multiplicities per event for each
class and for the total sample.

Unfolded data from pr Unfolded data from Ng

Class < ng > £(stat) £ (syst) < ng > £(stat) £ (syst)
Inside b-jets 0.90 £ 0.06 £ 0.007 0.91 £0.03 £ 0.07
Inside non b-jets 0.41+0.03 £0.03 0.41 +0.02 £0.08
Outside any jet 2.92 +0.09 £ 0.40 2.66 +0.07£0.12
Total sample 426 +£0.134+0.32 3.984+0.10 4 0.08

Table 5.13: A unfolded (particle level) average multiplicities per event for each
class and for the total sample.

Unfolded data from pr Unfolded data from Ny

Class < mp > E(stat) £ (syst) < np > £(stat) £ (syst)
Inside b-jets 0.14 £ 0.03 £ 0.001 0.112 £ 0.005
Inside non b-jets 0.08 £ 0.02 £ 0.005 0.095 £ 0.005
Outside any jet 0.51 & 0.07 + 0.07 0.57 +0.01
Total sample 0.65+ 0.07£0.05 0.78 +£0.02

Table 5.14: K and A particle-level POWHEG+PYTHIA6 MC average multiplici-
ties per event for each class and for the total sample.

MC PyTHIAG particle

Class < ng > £(stat) < nyp > *(stat)
Inside b-jets 0.917 + 0.003 0.095 £ 0.005
Inside non b-jets 0.397 £ 0.002 0.091 £ 0.005
Outside any jet 2.248 £+ 0.004 0.313 £0.011
Total sample 3.563 £+ 0.005 0.499 +£0.014

The average multiplicities obtained from the pr distributions, which are unfolded
with the efficiency correction only, are found in good agreement within statistical
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uncertainties with those obtained from the multiplicity distributions unfolded by
the iterative bayesian method with the transfer matrices discussed in Section
5.6.2. This indicates that the unfolding of the multiplicity is trustworthy. As
a further cross-check, average multiplicities obtained with the set of multiplicity
transfer matrices, where only visible decays at particle level are considered, have
been recalculated. When corrected for the branching ratio K§ — 7°7%, they have
been found in good agreement with the ones presented previously.

A complete set of results at particle level can be found in Ref. [142].

5.8.1 K unfolded distributions

The unfolded distributions in the pr, E, and || for K§ production inside b-jets,
inside non b-jets, outside any jet and for the total sample are shown in Figures
5.72 to 5.75. Furthermore, for KQ production inside jets, the distribution of
the energy fraction, xx = %, is also shown. They are compared to current
MC expectations, namely POWHEG+PYTHIAG, MCQNLO+HERWIG, SHERPA,
POowWHEG+PYTHIA8, POWHEG+HERWIGT and aMCQ@QNLO+HERWIGT.
In general, the MC distributions reproduce the behaviour of the data sample
reasonably well. This is expected since jet fragmentation functions have been
studied from SppS to Tevatron energies, so the MC simulations are tuned fairly
well. This is illustrated in the data to MC ratios shown in Figures 5.72 to 5.75,
which indeed indicate that these are dominated by statistical rather than system-
atic uncertainties, in particular in the tails of the distributions.
To be more quantitative on this comparison between data and MC predictions a
x? test has been performed for the distributions shown in Figures 5.72 to 5.75.
The x? is defined as:

=VT.-Covt .V (5.12)

where V' is the vector of differences between MC predictions and unfolded data,
and Cov~! denotes the inverse of the covariance matrix.

The covariance matrix has been obtained from the Bootstrap generator tool using
one thousand replicas of the corresponding unfolded data distributions. In order
to include systematic effects, these replicas have been smeared with Gaussians
whose widths are given by the systematic errors considered as uncorrelated.
The following comments are in order:

e On average, the POWHEG+PYTHIAG or PYTHIAS and SHERPA generators
give a very similar description of the data, while MC@QNLO-+HERWIG,
aMCQNLO+HERWIGT and POWHEG+HERWIGT are slightly disfavoured.

e In general, the MC distributions reproduce the K particle spectra inside
jets rather well. This is expected since jet fragmentation functions are
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studied from SppS to Tevatron energies, so the MC simulations are tuned
fairly well.

The spectra for K production outside jets are reproduced in shape, but are
underestimated by approximately 30%. This observation is consistent with
a CMS study of strange particle production in the UE [88]. These data could
be used to improve the simulation of the UE, especially to tune the v, = s/u
parameter. This parameter needs to be larger than 0.2, the value used in
the PYTHIA6+PERUGIA2011C tune [24]. The PYTHIA84+A14 predictions
come closer to the data than the PYTHIA6+PERUGIA2011C ones. This is
attributed to the fact that the A14 tune uses v, value equal to 0.217, as
in the MONASH tune [143], which is 10 % larger than that in the default
PyTHIA6+PERUGIA2011C tune. HERWIG+JIMMY and HERWIGT+HTUE
gives a somewhat worse description than PYTHIA64+PERUGIA2011c, which
indicates the need to also tune the strangeness suppression here or even
to use an improved colour reconnection scheme for MPI as suggested in
Ref. [144]. SHERPA, which uses strangeness suppression of 75 = 0.4, tends
to overestimate the K yields outside jets.

The energy and transverse momentum spectra for K mesons inside b-jets
are similar to the spectra for those inside non-b-jets. The spectra for K
mesons produced outside jets are much softer than for those produced in
association with a jet.

The pseudorapidity distributions for K mesons produced outside jets are
constant over a wider central plateau than for those produced in association
with a jet.

Numerical values for unfolded up to non visible decays transverse momen-
tum and pseudorapidity distributions are presented in Tables 5.15 to 5.20

the results of the y? test discussed above are summarised in Tables from
5.21 to 5.24.
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Figure 5.72: Kinematic characteristics for K production inside b-jets, for cor-
rected data and particle level MC simulated with the POWHEG+PYTHIAG,
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with data.

180



= 2
S K$: inside non-b-jets éx 10 Kg: inside non-b-jets
[0 ¢ Unfolded data 2 ¢ Unfolded data
9} 10 —— tt Powheg+Pythiaé S 10 —— tf Powheg+Pythiaé
Q_'_ ----- tt MC@NLO+Herwig % N ««==: tt MC@NLO+Herwig
K ) 1t Sherpa p 1 5 AN e
=2 2 Total Uncert. ‘\_ ...........
o 10 -
3~ i 10"
< 103 L V5=7Tev, 461" \\\i%\ X\ ' \\\\\\\\\\\\%M\\\Q{g
© ©
g 2 g 3 % NMTITRRNNSS
3 3 2 L
0-: R AHiAdannom
© - ©
b 4 - ti Powheg+Pythia8 == ti Powheg+Herwig7 <4 3 [ --tiPowheg+Pythia8 . . ;S(SSDGGENaS
g - ti aMC@NLO-+Herwig7 Q -.. tt Powheg+Herwig7 N \
3 3 3 2 1t aMC@NLO3Herwi \\\‘ \
g 2 & § LMD < a ; ;n\i\: v;t;m\\ \\ \
& T AR \:t\\{i\@&\i\\\\‘\\\\\\\\\\\\\\\:\i\\\\\\\\\\\\\\\ & i \\\\\\\\\\\\\\i\\\\\\\\\\\\\\
0 5 10 15 30 0 0.1 0.2 0.3 0.4 0.5 0.6
P, [GeV] Xk
(a) pr distribution (b) Energy fraction distribution
= 10" E A LrL AS ' 0.+ . = " j j i
> g . Kg: inside non-b-jets 5 K N\ ) .
8 5 Vs=7TeV,46fb ¢ Unfolded data > & AN\ \ |
- —_— t! Powheg+Pythiaé o} \ \\.\\\\\\\\\\\\\\,\\\\\\.\\\\\\\\\\\\\\\\\\Q
w0 SHReNY tt MC@NLO+Herwig H AN
g 10 G\ t Sherpa 2 g0t ATLAS S
S Total Uncert. A s=7TeV, 461" A\

3 T K§: inside non-b-jets T
Z 10 \\\\\\& A \ @ Unfolded data ] ~—— tf Powheg+Pythia6 ]
- %‘\\\\\\\\\\\\\\\\\iﬁ\\\\\\\\\\\\\\\\\\ - S:M(I:CU@NLO+HEMIQ tf Sherpa

) & & \ N ‘otal Uncert. i
(o% . B —_— 3 § 15 E-
] 3 1 AN R
& e TR Y
% - it Powheg+Pythia8 3 % 3 E === tt Powheg+Pythia8  =..=. tt Powheg+Herwig7 -
a - it Powheg+Herwig7 ™3 Q - = = tt aMC@NLO+Herwig7
B s = --ttaMC@NLO+Herwig7 3 B 2
10 20 30 40 50 60 25
E [GeV] ml
(c) Energy distribution (d) |n| distribution

< T T
$ ATLAS
> ; Vs=7TeV, 460"

S 10
= 10
S 3

£ 102 K: inside non-b-jets
=2 @ Unfolded data
= 40° L — tiPowheg+Pythias

= ttMC@NLO+Herwig ~ NN\
104 £ ttSherppa AL

Total Uncert.

s

©

]

B

T

o]

©

o]

B

T

0 1 2 3

4 5

(e) Multiplicity distribution

Figure 5.73: Kinematic characteristics for K2 production inside non b-jets, for
corrected data and particle level MC simulated with the POWHEG+PYTHIAG,
MCQ@QNLO+HERWIG, SHERPA, POWHEG+PYTHIAS, POWHEG+HERWIGT7 and
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Figure 5.74: Kinematic characteristics for K production not associated with jets,
for corrected data and particle level MC simulated with the POWHEG+PYTHIAG,
MC@QNLO+HERWIG, SHERPA, POWHEG+PYTHIA8, POWHEG+HERWIG7 and
aMCQNLO+HERWIGT generators. Total uncertainties are represented by the
shaded area. Statistical uncertainties for MC samples are negligible in comparison
with data.
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Figure 5.75: Kinematic characteristics for the total K production, for cor-
rected data and particle level MC simulated with the POWHEG+PYTHIAG,
MCQ@QNLO+HERWIG and SHERPA generators. Total uncertainties are represented
by the shaded area. Statistical uncertainties for MC samples are negligible in
comparison with data.
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Table 5.15: Transverse momentum distribution unfolded to particle level for K
not associated with jets, and including invisible decays, along with the statistical

and systematic uncertainties

pr[GeV] x—¢T Stat. Model Track JES JER PU  Fid
(0, 2) 1.22 0.05 025 006 o5 <1072 0.10  0.03
(2, 4 0172  0.009 0.042 0.009 *3%  0.001  0.014 0.010
(4, 6) 0.035 0.004 0.005 0002 *Hr <107% 0.003 0.002
( 6, 8 0.011 0.003 0001 0001 F3% 0001 0.001 0.001
(8,10) 0.0085 0.0026 0.0007 0.0004 *5000% 0.0005 0.0007 0.0006
(10, 20) 0.0011  0.0005 0.0001 0.0001 9900, 0.0001 0.0001 0.0001

Table 5.16: Transverse momentum distribution unfolded to the particle level for
K2 associated with b-jets, and including invisible decays, along with the statistical

and systematic uncertainties.

pr|GeV] ﬁ%\; Stat.  Model Track JES JER PU Fid.

(0, 2) 0091 0017 0.003 0.004 3% 0.001 <10~ 0.001
(2, 4) 008  0.012 0.003 0004 T9805  0.001 <107 0.001
(4, 6) 0075 0010 0.002 0.004 T30l 0.001 <10~* 0.001
( 6, 8 0045 0.009 0.002 0.002 %1 0.001 <107 0.001
( 810) 0.040 0.008 0.002 0.002 *2%, <107 <107 <107®
(10,15) 0.022  0.004 0.001 0.001 *s90 <107 <107 <107°
(15, 20) 0.0156  0.0046 0.0010 0.0008 *99%5 0.0001 < 10~* 0.0001
(20, 30) 0.0058 0.0050 0.0004 0.0003 T390 <107* <107* <107*
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Table 5.17: Transverse momentum distribution unfolded to the particle level for
KQ associated with non-b-jets, and including invisible decays, along with the
statistical and systematic uncertainties.

pr[GeV] x—¢T Stat. Model Track JES JER  PU Fid.

(0, 2) 008  0.011 0.003 0.003 F5%1 0002 <1073 0.007
(2, 4) 0049 0.006 0.013 0.002 552 0.001 <107 0.004
(4, 6) 0.035 0.005 0011 0001 9% 0001 <107 0.003
( 6, 8 0016 0003 0.004 0.001 *5p0; 0.001 <107* <1073
(18,10) 0.010  0.003 0.003 0001 *00 <10 <107 <107°
(10, 15) 0.0063  0.0016 0.0014 0.0003 *55001 <107 < 107* 0.0002
(15,20) 0.0016 0.0010 0.0004 0.0001 *S97, <107* <10* <1074
(20,30) 0.0009 0.0011 0.0002 <107* <070 <107* <107* <107

Table 5.18: Pseudorapidity distribution unfolded to the particle level for K§ not
associated with jets, and including invisible decays, along with the statistical and
systematic uncertainties.

| Nivt% Stat. Model Track JES JER PU  Fid.
(0.0,0.5) 0.744  0.039 0.141 0.038 097 0.004 0.062 0.046
(0.5,1.0) 0.933  0.049 0.120 0.048 0907 0.008 0.077 0.046
(1.0, 1.5) 1.162  0.068 0.122 0.059 0% 0.004 0.096 0.041
(1.5,2.0) 1.449  0.110 0.527 0.074 0% 0.021 0.120 0.030
(2.0,2.5) 1.489  0.172 0.541 0.076 0915 0.022 0.123 0.031 6
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Table 5.19: Pseudorapidity distribution unfolded to the particle level for K2
associated with b-jets, and including invisible decays, along with the statistical

and systematic uncertainties.

n| Niw% Stat. Model Track JES JER PU Fid.
(0.0,0.5) 0.592  0.053 0.015 0.029 *0013 0.009 <1073 0.032
(0.5, 1.0) 0488  0.056 0.011 0.024 09 0.007 <1073 0.019
(1.0, 1.5) 0.358  0.061 0.014 0.017 *39% 0.007 <10~ 0.002
(1.5,2.0) 0226  0.059 0.049 0.011 9% 0.002 <1073 0.016
(2.0,2.5) 0.087  0.053 0.019 0.004 *3%2 <107 <10=% 0.006

Table 5.20: Pseudorapidity distribution unfolded to the particle level for K as-
sociated with non-b-jets, and including invisible decays, along with the statistical

and systematic uncertainties.

7] Moo q Stat.  Model Track JES JER PU Fid.
(0.0,0.5) 0.233  0.023 0.077 0.010 1397 0.002 < 10~* 0.013
(0.5, 1.5) 0.190  0.017 0.063 0.008 9006 0.001 < 1073 0.014
(1.5,2.5) 0.089  0.024 0.016 0.004 9% 0.003 <10~ 0.005
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Table 5.21: Values of the x? per degree of freedom and their corre-
sponding p-values, for K{ production inside b-jets, for POWHEG+PYTHIAG,
MCQNLO-+HERWIG and SHERPA predictions.

K¢ inside b-jets x*/n.d.f. (p-value)
PyTHIA6 HERWIG SHERPA
pr  0.77 (0.63) 1.31 (0.23) 0.80 (0.61)
E 1.81 (0.06) 2.54 (0.007) 1.67 (0.09)
In|  0.56 (0.73) 1.44 (0.21)  0.33 (0.90)
(0.88) ( (0.98)
(0.19) ( (0.04)

rr 0.40 (0.88) 1.08 (0.37)  0.19 (0.98
Nk 1.50 (0.19) 0.75(0.59)  2.33 (0.04

Table 5.22: Values of the y? per degree of freedom and their correspond-
ing p-values, for K production inside non b-jets, for POWHEG-+PYTHIAG,
MC@NLO+HERWIG and SHERPA predictions.

K inside non-b-jets x*/n.d.f. (p-value)

PYTHIAG HERWIG SHERPA
pr  0.42(0.91) 1.32 (0.23) 0.71 (0.69)
E 1.25 (0.26) 1.58 (0.11) 1.12 (0.34)
In|  0.90 (0.44) 0.64 (0.59) 0.43 (0.73)
rrx  0.82(0.55) 1.51 (0.17) 0.78 (0.58)
Ni  1.80 (0.11) 1.45(0.20) 0.85 (0.52)

Table 5.23: Values of the x? per degree of freedom and their corre-
sponding p-values, for K¢ production outside jets, for POWHEG+PYTHIAG,
MC@NLO-+HERWIG and SHERPA predictions.

K outside jets x?/n.d.f. (p-value)
PyTHIAG HerwIG SHERPA
pr  0.98 (0.44) 2.64 (0.015)  0.93 (0.47)
E 1.05 (0.40)  2.67 (0.004)  1.14 (0.33)
In|  0.94 (0.45)  2.30 (0.04) 1.36 (0.24)
Ng  3.13 (0.002) 2.10 (0.03)  34.17 (0.00)
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Table 5.24: Values of the x? per degree of freedom and their correspond-
ing p-values, for total sample of K¢ production, for POWHEG-+PYTHIAG,
MCQNLO-+HERWIG and SHERPA predictions.

K3 total sample x?/n.d.f. (p-value)
PyTHIA6 HERWIG SHERPA
PT 0.15 (0.99) 0.91 (0.50)  0.47 (0.88)
E 1.28 (0.24) 3.16 (0.00)  1.34 (0.21)
In| 0.78 (0.56) 2.71 (0.02)  1.09 (0.36)
Ng 10.33 (0.00) 8.77 (0.00) 78.12 (0.00)

5.8.2 A unfolded distributions

For the sake of completeness, the same distributions as in the previous subsec-
tion, are now presented for A production in Figures 5.76 to 5.79, along with a
comparison to current MC predictions. In spite of the poorer statistics and higher
systematics, similar features as for K production can be observed in these dis-
tributions. To be more precise, the pt and energy distributions for A’s associated
with jets, are harder than those not associated with jets. Nevertheless one can
not draw any conclusion from the unfolded multiplicity for lambdas.

Numerical values for unfolded up to non visible decays transverse momentum and
pseudorapidity distributions are presented in Tables 5.25 to 5.26.

The results of a x? test for the comparison between unfolded data and MC pre-
dictions are summarised in Table 5.27.
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Figure 5.76: Kinematic characteristics for A production inside b-jets, for cor-
rected data and particle level MC simulated with the POWHEG+PYTHIAG,
MCQNLO+HERWIG and SHERPA generators. Total uncertainties are represented
by the shaded area. Statistical uncertainties for MC samples are negligible in

comparison with data.
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Figure 5.7§7e:) Kinematic characteristics for A production inside non b-jets, for
corrected data and particle level MC simulated with the POWHEG+PYTHIAG,
MCQNLO+HERWIG and SHERPA generators. Total uncertainties are represented
by the shaded area. Statistical uncertainties for MC samples are negligible in
comparison with data.
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Figure 5.79: Kinematic characteristics for the total A production, for cor-
rected data and particle level MC simulated with the POWHEG+PYTHIAG,
MC@QNLO+HERWIG, SHERPA, POWHEG+PYTHIA8, POWHEG+HERWIG7 and
aMCQNLO+HERWIGT generators. Total uncertainties are represented by the
shaded area. Statistical uncertainties for MC samples are negligible in comparison
with data.
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Table 5.25: Transverse momentum distribution unfolded to the particle level for
the A total sample, and including invisible decays, along with the statistical and
systematic uncertainties.

pr[GeV] x—¢T Stat. Model Track JES JER  PU Fid.

(1, 3) 0215 0.033 0114 0.011 *99 0,002 0.017 0.004
(3, 5) 0.053 0.007 0.004 0003 T3% 0001 0.004 0.001
(5, 7) 0019 0005 0002 0001 F97 0.001 0001 0.001
( 7,10) 0.011  0.003 0.001 0001 *<I070 <107® 0.001 <107
(10, 15) 0.0047 0.0016 0.0019 0.0002 *39%01 0.0001 0.0004 0.0001
(15,20) 0.0025 0.0013 0.0010 0.0001 *<1970 0.0001 0.0002 <10~
(20,30) 0.0016 0.0035 0.0006 0.0001 *<197 <107* 0.0001 <107*

Table 5.26: Pseudorapidity distribution unfolded to the particle level for the
A total sample, and including invisible decays, along with the statistical and
systematic uncertainties.

L AN Gt

| Nowr ] Model Track JES JER PU  Fid.
(0.0,0.5) 0.404  0.050 0.220 0.020 *09% 0.006 0.032 0.006
(0.5,1.0) 0.361  0.070 0.260 0.018 *J9% 0.003 0.029 0.004
(1.0, 1.5) 0.498  0.076 0.492 0.024 *901; 0.008 0.040 0.011
(1.5,2.5) 0.273  0.075 0.334 0.013 *000% 0.007 0.022 0.003

—0.006
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Table 5.27: Values of the x? per degree of freedom and their corresponding p-
values, for the total A sample, for POWHEG+PYTHIAG, MC@QNLO+HERWIG
and SHERPA predictions.

x%/n.d.f. (p-value) A total sample

PYTHIA6G HErRWIG SHERPA
pr 0.50 (0.83) 0.93 (0.48) 0.52 (0.82)
E 0.89 (0.51) 1.90 (0.06) 0.89 (0.51)
In| 0.33 (0.86) 1.62 (0.17) 0.25 (0.91)
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5.9 Comparisons with other MC samples

In previous Sections the observation has been made that neutral strange par-
ticle production outside jets is more sensitive to IFSR and UE effects than that
inside jets. Therefore, the attempt is made in this Section to compare the particle
level data with MC models where variations on

e UE tune
e fragmentation scheme
e colour reconnection effects

have been considered. Needless to say the the particle level MC distributions
have been obtained after applying the same selection criteria as in Section 5.6.1.

5.9.1 Acer+Pythia6: Perugia vs TuneAPro

In Figures 5.80 to 5.87, the results of a comparison to ACER+PYTHIAG ge-
nerators with PERUGIA2011C or TUNEAPRO tunes with and without colour
reconnection effects, are presented. The results of a x? test similar to that de-
scribed in the previous subsection are summarised in Tables 5.28 to 5.31. The
following conclusions can be drawn:

e no significant differences are found between these MCs and the reference
POWHEGHPYTHIAG as far as the description of neutral strange particle
production inside jets is concerned

e Tune Apro is slightly disfavoured with respect to PERUGIA2011C in the
description of the multiplicities for neutral strange particle outside jets.
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comparison with data.

196



— T 4 T T
S K§: inside other jet X s=7TeV, 4.6 b
[ ¢ Unfolded data S
9} tt Acer+Pythia6 % ]
10" & — Perugia NOCR < 10 R
_8- -..- Perugia - K3: inside other jets
> .. TuneApro NOCR = 102f * Unfolded data
T 10z AR TuneApro - g Acef+|:lygg;6
\ — Perugia
s \\ Y Total Uncert. . Perﬂg:a
2 NN - TuneApro NOCR
= 107 \ \\x TuneApro

-4
10 Total Uncert.

O

© 3 [] E RN
® 2F N B ot L
Q 15E " N \\\ e 2 L
O 0.5 BT NN \ x\ & N ~ \ \
0 5 10 15 20 25 3 0 0.1 02 03 04 05 06
P, [GeV] X
(a) pr distribution (b) Energy fraction distribution
< ' ‘ ‘ KZ: inside other jets = ) =
> s=7TeV, 46" ¢ Unfolded data o /S=7TeV, 4.6 1o’ .
S, 1t Acer+Pythia6 pd NN N\ i
w — Perugia NOCR © Bl NN\ »
e} -..= Perugia och 25 10 \\\\\\\\\\\\\\\\:
P o TuneApro N N
BT a2 L Nmwy e TuneApro = K3: inside other jets .
Z}% R Total Uncert. ¢ lanfmqe(:q gaé; gAcer+Pythia6 ]
. — Perugia —m erugia
= 102 g« TuneApro NOCR- - - TuneApro =
§\\\:\\ Total Uncert. 3
© = ©
g : - |
o} N S 15¢ »
& =i an s & 05
30 40 50 60 0 0 0.5 1 1.5 2 2.5
E [GeV] ull
(c) Energy distribution (d) |n| distribution
X T T
z 1 Vs=7TeV, 461"
S w0 A
[0 N\
Z 1 02 ‘ s ‘\ <
O 10® [ K2:inside other jets \ \ S
% . 4 ¢ Unfolded data h
Z 10 tt Acer+Pythia6
= 105 F — Perugia NOCR
== Perugia
10® E - TuneApro NOCR
7 F oo TuneApro
10 Total Uncert.
s F ‘ ‘ \ S
© = \
% 1.5 5 \ \\\
e 1K AR
o 05 E g AT
0 E A A\

o 1 2 3 4 5
NK

(e) Multiplicity distribution
Figure 5.81: Kinematic characteristics for K2 production inside non b-jets, for
corrected data and particle level MC simulation. Total uncertainties are repre-
sented by the shaded area. Statistical uncertainties for MC samples are negligible

in comparison with data.

197



S 10 K3: outside jets
[0 ¢ Unfolded data
(2_ 18 tt Acer+Pythia6
[ — Perugia NOCR
-8- -= Perugia
2 107 s TuneApro NOCR
T E hay e TuneApro
s Total Uncert.
B 107 N
< B e
=
10-3 Il Il Il Il
©
[m) N
S TENN ‘\\\\\§\\\\\\\\\\\\\\\\\
9_) vy ) n_tasSRR_a_ "t
a 05 e
002468101214161820
p, [GeV]
(a) pr distribution
% s=7TeV, 461" ]
S 0 ; )
— r Kg: outside jets
¢ Unfolded data tt Acer+Pythia6
L — Perugia NOCR -..-: Perugia
107 F ... TuneApro NOCR- - - TuneApro
Total Uncert.
p ‘ ‘
©
Q
3
Q
o

0 0.5 1 1.5 2 25

(¢) |n| distribution

K$: outside jets
¢ Unfolded data

—_

paei

>
[0
g tt Acer+Pythia6
" Fle —_ Perugia NOCR
Q 10 3 -= Perugia
> . TuneApro NOCR
o 102 N TuneApro
s Total Uncert.
Z 103 ey
Gertvasw' LB

Pred/Data

N
N

10 20 30 40 50 60

(b) Energy distribution

Vs=7TeV,4.6fb"

—_

K3: outside jets
¢ Unfolded data

tt Acer+Pythia6

— Perugia NOCR

== Perugia

w TuneApro NOCR

----- TuneApro

Total Uncert.

X

h \‘\\\‘\\ ! * v

2 3 456 7 8 9
NK

(d) Multiplicity distribution

_._;_k
o o o
P N

/Nth d Nth/d NK

_ a4
o o o
) & IS

Pred/Data

o -
o Ul . O
T

0 1

Figure 5.82: Kinematic characteristics for K§ production not associated with
jets, for corrected data and particle level MC simulation. Total uncertainties
are represented by the shaded area. Statistical uncertainties for MC samples are

negligible in comparison with data.

198



K3: total sample
¢ Unfolded data
tt Acer+Pythia6
— Perugia NOCR
-= Perugia
«.. TuneApro NOCR
TuneApro
. Total Uncert.

SN

1/N,,, dN/dp._[GeV]

10 & ATLAS -,
0% b BETTeV 461" \\N&\\\

o E|
© E|
% S :\\\f\\\&\\\\\\\\:\'\\\\\\\\\\'\\\\\«&“‘ N \\\\;& §
z L
10 15 20 25 30
p; [GeV]
(a) pr distribution
= ATLAS
> | Vs=7TeV,4.6fb" V
S \ \

—_

[ K$: total sample

¢ Unfolded data

I —— Perugia NOCR

[ v TuneApro NOCR
i Total Uncert.

tt Acer+Pythia6
== Perugia
TuneApro

Pred/Data

o
[SES NG

(¢) |n| distribution

1/N,,, dN/dE [GeV]

Pred/Data

1/N,,; dN,/dN,

Pred/Data

—_

o
ocwawin

W

K3: total sample
¢ Unfolded data

tt Acer+Pythia6
— Perugia NOCR
-= Perugia
«.. TuneApro NOCR
TuneApro
XN Total Uncert.

N DAL

ATLAS

Vs=7TeV,46f0" \

§

s \ \\\\

i
SONMIN AN

50 60
E [GeV]

10 20 30 40

(b) Energy distribution

Ks

Vs=7TeV, 4.6 fo"

: total sample
¢ Unfolded data
—— Perugia NOCR

Total Uncert.

tt Acer+Pythia6
== Perugia
TuneApro

+ TuneApro NOCR

E
e

e

N
frrarvary
Bt g
LT T LTSRN |

0

123 456 7 8 9 1011
Ny

(d) Multiplicity distribution

Figure 5.83: Kinematic characteristics for the total K production, for corrected
data and particle level MC simulation. Total uncertainties are represented by the
shaded area. Statistical uncertainties for MC samples are negligible in comparison

with data.

199



A:inside b-jets

¢ Unfolded data tt Acer+Pythia6
—— Perugia NOCR -:-- Perugia

< TuneApro NOCR= - - TuneApro
X Total Uncert.

10’2 Xy ‘\\\\\ \

Vs=7TeV,4.6fb"

///////

1/N,,, dN/dp._ [GeVT|
3

\.\\\\)& =
_ \ A\ \\ \
10° = . - &‘

5 20 25 _ 30
p; [GeV]

Pred/Data

(a) pr distribution

A:inside b-jets

¢ Unfolded data tt Acer+Pythia6
—— Perugia NOCR -:-- Perugia

< TuneApro NOCR- - - TuneApro
Total Uncert.

Vs=7TeV,4.6fb"

1/N,,, dN/dE [GeV'
a

Pred/Data

15 20 25 30 35 40
E [GeV]

5 10

(c) Energy distribution

< T T
s TETTT s=7TeV, 461"
Tx
=° 107 A N\ \\
.
_CL 102 A: inside b-jets
3 ¢ Unfolded data
= » tt Acer+Pythia6 \ \\\\E\\
= 107 & — Perugia NOCR ‘\\\ N
- Perugia \
104 E - TuneApro NOCR
... TuneApro
10 NN Total Uncert.
ol
©
Q
kel
Q
o

e) Multiplicity distribution
Kinematic characteristics for A production inside b-jets, for corrected

data and particle level MC simulation. Total uncertainties are represented by the
shaded area. Statistical uncertainties for MC samples are negligible in comparison
with data.

Figure 5. 841

200

Pred/Data 1/N,,; dN/dx

1/N,,, dN/dn|

Pred/Data

3
10 A:inside b-jets
5 ¢ Unfolded data tt Acer+Pythia6
10 —— Perugia NOCR -:-- Perugia
< TuneApro NOCR- - - TuneApro
10 W Total Uncert.
‘ TR §
\\\ L\\
L \\ A\
10% E (5-7Tev, 461" \\\ N
E \\\\
2
1.5 \\\ \
i\ \\\\\\ .\
05 . \\\\\\\\\.\\\ \\\\\\\\\\
s i L
0 0.1 0.2 0.4 0.6
XA
(b) Energy fraction distribution
10 E A inside b-jets
¢ Unfolded data tt Acer+Pythia6
—— Perugia NOCR -:-- Perugia
< TuneApro NOCR- - - TuneApro
1 Total Uncert.
10 \\\ NN \
bbbk \\.\\\\\\\\\\\\\\\\\\\\\\\\
102 s=7T e ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
s E 3
e \\ N
I\ S e
5 \\:\\\\\ " \\\\\\\&\\\\

0

0 0.5 1 15 2 25
il

(d) |n| distribution



"_;| 1 E A:inside other jets ><< 102 A: inside other jets
(05) ¢ Unfolded data tt Acer+Pythia6 g ¢ Unfolded data tt Acer+Pythia6
— Perugia NOCR  -- Perugi — Perugia NOCR  -- Perugi
10T E Tsrnl:egAI:ro NOCR- - - Tﬁzgﬂzro 'Og 10 . Tﬁglgﬂ:ro NOCR- - - Tﬁ:ﬁ\lgro
= Total Uncert. > al Uncert.
Z 10° S N 5=7TeV, 461" = 0L \w 5=7TeV. 461"
< ‘&\Q\\ﬁ\\ . ‘§*§
ZCD 103 &\\§§\\\‘§\ e 2 \\\\\\\ HE-H \\\\\\\\\\\\\\\\;‘%\g
© ] ©
-o(a- R \\3 ‘(E 4 X - % X ““\\
5 i ! S L
a aaan _— \\ o] 3 NiMT I i IR
E - §\\\\\§\\\§§\§§§® \}\\\\\&% E 21 B \\S&\\\&\\\&\\\\\w
5 10 15 20 25 30 0 01 02 03 04 05 06
P, [GeV] X,
(a) pr distribution (b) Energy fraction distribution
; A:inside other jets % [ A:inside other jets 7
8 ¢ Unfolded data tt Acer+Pythia6 E ] ¢ Unfolded data tt Acer+Pythia6
—— Perugia NOCR  -- Perugi £ — Perugia NOCR .- Perugi =
E p— TS;Z?AI:ro NOCR Tsrnue?t{:ro U; E o Ts:‘nue?t{:ro NOCR- - - Tzrnl:st\lgro 3
KS) Total Uncert. Z“’ i Total Uncert. ]
Z ~
o T 10t 5= a6f’
Zg i \\ s=7TeV,4.6fb E
2 \ N\
10% .
8 = | 3 -
© 2 F © 2 B
Q 15¢ NN N Q 15 ¢ \
O™"5 10 15 20 25 30 35 40 % 05 1 15 2 25
E [GeV] ml
(¢) Energy distribution (d) |n| distribution
< T T
z 1 5=7TeV, 461"
< 10!
Zm 10:2 %\5\\\'\\*&\\\\
-O‘S .118—4 -.; &{;k\\\\\}}}\\\% N
10:: «.. TuneApro NOER \\\\\§\\\‘
10" E ... TuneApro \Y
10 £ NS Total Uncert. \\ \
I e
0 1 2 3 4

Ny

Multiplicity distribution

Figure 5.85(:3)Kinematic characteristics for A production inside non b-jets, for cor-
rected data and particle level MC simulation. Total uncertainties are represented
by the shaded area. Statistical uncertainties for MC samples are negligible in
comparison with data.
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Table 5.28: Values of the x2, obtained from the covariance matrix of the unfolded
data distributions for K production inside b-jets, for the ACERMC predictions
with the following tunes: PERUGIA and TUNEAPRO (with and without colour
reconnection).

x?/n.d.f. K inside b-jets
PErUGIA PERUGIA (no CR) TuUuNEAPRO TUNEAPRO (no CR)

T 0.55 0.53 0.59 0.52
E 1.48 1.49 1.62 1.54
In| 0.24 0.23 0.38 0.31
rx  0.36 0.36 0.33 0.28
Ng  3.94 3.61 5.21 4.24

Table 5.29: Values of the x?, obtained from the covariance matrix of the unfolded
data distributions for K§ production inside non b-jets, for the ACERMC predic-
tions with the following tunes: PERUGIA and TUNEAPRO (with and without
colour reconnection).

x*/n.d.f. K¢ inside non b-jets
PERUGIA PERUGIA (no CR) TUNEAPRO TUNEAPRO (no CR)

pr 0.63 0.70 1.64 1.48
E 1.17 1.16 1.65 1.52
| 0.26 0.31 0.33 0.29
TK 0.85 0.82 1.24 1.34
Nk 0.53 0.56 0.98 0.85
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Table 5.30: Values of the x2, obtained from the covariance matrix of the unfolded
data distributions for K production outside jets, for the ACERMC predictions
with the following tunes: PERUGIA and TUNEAPRO (with and without colour
reconnection).

X*/n.d.f. K outside jets
PeEruUGIA PERUGIA (no CR) TUuNEAPRO TUNEAPRO (no CR)

P 0.38 0.48 0.67 1.18
E 0.87 1.13 1.54 1.67
In] 0.77 0.75 2.16 2.09
Ng 932 88.3 107.5 105.6

Table 5.31: Values of the x? per degree of freedom and their corresponding p-
values, for the total K production, along with the ACERMC+PYTHIA6 predic-
tions with the following tunes: PERUGIA and TUNEAPRO (with and without
colour reconnection).

X*/n.d.f. (p-value) K? total sample
PeEruGIA PERUGIA (no CR) TuNEAPRO TUNEAPRO (no CR)

pr 0.42 (0.91) 0.50 (0.85) 1.12 (0.35)  1.36 (0.21)
E 154 (0.13) 1.90 (0.05) 3.55 (0.0002) 3.37 (0.0004)
In| 1.15 (0.33) 1.34 (0.24) 4.18 (0.0008) 3.90 (0.002)

5.9.2 Pythia8

The unfolded distributions in the pr, E, |n| and zx for K production inside b-jets,
inside non b-jets, outside any jet and for the total sample are shown in Figures 5.88
to 5.91 including a comparison with the PYTHIAS8 generator [71]. The description
of the unfolded data spectra is similar to the PYTHIA6 prediction, which indicates
that the new version of the generator treats neutral strange particle production
in a similar way as the old one.
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Figure 5.88: Kinematic characteristics for K production inside b-jets, for cor-
rected data and particle level MC simulated with the POWHEG+PYTHIAG,

MCQ@QNLO+HERWIG and PYTHIA8 generators.

Total uncertainties are repre-

sented by the shaded area. Statistical uncertainties for MC samples are negligible

in comparison with data.
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Figure 5.89: Kinematic characteristics for K production inside non b-jets, for
corrected data and particle level MC simulated with the POWHEG+PYTHIAG,
MCQ@QNLO+HERWIG and PYTHIA8 generators. Total uncertainties are repre-
sented by the shaded area. Statistical uncertainties for MC samples are negligible
in comparison with data.
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Figure 5.90: Kinematic characteristics for K§ production not associated with jets,
for corrected data and particle level MC simulated with the POWHEG+PYTHIAG,

MCQNLO+HERWIG and PYTHIA8 generators.

Total uncertainties are repre-

sented by the shaded area. Statistical uncertainties for MC samples are negligible

in comparison with data.
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Kinematic characteristics for the total K{ production, for cor-
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5.10 Summary

First measurements of neutral strange particle, K and A, production in dilep-
tonic ¢t final states are reported. The distributions in the energy, pr and |7
are presented for the complete sample as well as for three subsamples depending
on whether the K2 or A are associated with jets, b-tagged or non b-tagged, or
lie outside jets. The corresponding K2 and A multiplicities are also measured.
The results are unfolded to the particle level using the KQ or A reconstruction
efficencies in each distribution within the kinematical region given by £ > 1
GeV and |n| < 2.5, respectively. The measurements are compared to current
MC expectations where the ¢f matrix elements have been calculated up to NLO
accuracy, according to POWHEG, MCQNLO, aMC@QNLO, ACERMC or SHERPA,
and considering several variations on

e fragmentation scheme: PYTHIAG, PYTHIAS, HERWIG, HERWIGT7 or SHERPA.
o UE effects: PERUGIA2011C, A14, TUNEAPRO, JiIMMY or HTUE

e colour reconnection effects
The main conclusions to be drawn from the analysis are the following:

e strange baryon production is suppressed with respect to strange meson pro-
duction, as expected

e neutral strange particle production outside jets is much softer than inside
jets, as expected, and the pseudorapidity distributions flatter

e neutral strange particle multiplicities outside jets are larger than inside

e current MC models give a fair description of the gross features exhibited
by KJ and A produced inside jets, while the yield for single neutral strange
particles lie roughly 30% above the PYTHIA6+PERUGIA2011C and HER-
wiG+JiMMy or HERWIGT4+H7UE MC predictions, with PYTHIAS+A14
falling short of the data by 15-20 %.

The fact that the current MC models describe properly the neutral strange parti-
cles spectra inside jets, gives confidence that these data can be used in the future
for a direct determination of the |V;;|] CKM matrix element.

A better description of the yields for K and A outside jets in ¢t final states would
require further tuning of the current MC models, particularly the strangeness
suppression mechanisms, and/or more elaborate models for MPI and colour re-
connection schemes. For this purpose a Rivet analysis routine [145] and HEPData
tables [142] are provided.

We are aware that the results for A production are hampered by poor statistics,
they are included for the sake of completeness.
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Resumen y Conclusiones

Hemos probado que los ‘jet shapes’ tienen un gran potencial para discriminar
entre chorros adscritos a un quark b o a un quark ligero. Por tanto la inclusion de
estas variables debe mejorar las eficiencias de ‘D-tagging’. Los algoritmos al uso
de identificacion de chorros iniciados por un quark b estan basados en medidas
de pardmetros de impacto y en la reconstruccién de vértices secundarios. El
poder de discriminacién de los ‘jet shapes’ es casi tan alto como el de los ‘taggers’
normales.

En el caso concreto de la posible medida directa del elemento |Vi4|, la inclusiéon
de los ‘jet shapes’ en el analisis multivariado basado en BDTs conduce a mejoras
muy significativas. En cualquier caso este andlisis multivariado ha sido realizado
a nivel generador y por tanto esta previsto repetirlo a nivel ‘reco’ a fin de tener
en cuenta de manera apropiada los efectos de detector.

Para la separacién del canal pp — Z(I*1~)H(bb) frente al pp — Z(IT17) + bb la
inclusion de los ’jet shapes’ no conduce a mejoras significativas. Las variables
cinematicas utilizadas en el MVA son ya de por si poderosos discriminantes.

La contribucién principal de esta tesis se centra en las primeras medidas de la
produccion de particulas neutras extranas en los estados hadrénicos finales ¢t en
los que los dos quarks top se desintegran lepténicamente. A este efecto se ha
utilizado una muestra con una luminosidad integrada de 4.6 fb~! tomada en 2011
a una energia en el centro de masas de 7 TeV con el detector ATLAS en el LHC.
Hemos distinguido tres casos dependiendo de que las particulas extranas estén
embebidas en chorros etiquetados como b, en chorros no etiquetados como b o
estén producidas fuera de un chorro.

En cada caso hemos estudiado las caracteristicas de produccion de las particulas
extranas en términos de variables cinemdticas como el momento transverso, la
pseudorapidez, la energia o la multiplicidad.

Hemos corregido estas variables por efectos de detector y comparado con diver-
sos generadores Monte Carlo, donde los elementos de matriz se han calculado a
NLO como en POwWHEG, MC@NLO y SHERPA o a LO con ACERMC. Hemos
considerado distintas variaciones en:
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e cl esquema de fragmentacién y ‘underlying event’: PYTHIA6+PERUGIA2011C
o PYTHIAG6+TUNEAPRO, PYTHIA8, HERWIGHJIMMY, HERWIG+-+ y SHERPA

e los efectos de reconexién de color
Las conclusiones principales son:

e la produccién de A’s estd suprimida frente a la produccién de K3’s como es
de esperar

e el momento transverso de las particulas extranas dentro de chorros, etique-
tados como b o no, cae menos fuertemente que la de aquellas no asociadas
a chorros como también era de esperar

e la pseudorapidez es mas plana fuera de chorros

e la produccién de particulas extranas dentro de chorros esta bien descrita
por modelos MC al uso

e la produccién de particulas extranas no asociadas a chorros se ve infraesti-
mada por los modelos al uso en un 30 — 40%.

Estos datos representan un ‘input’ necesario para el desarrollo de modelos méas
elaborados para las interaciones multipartonicas y distintos esquemas de conexion
de color.
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A Systematics Details

A.1 MC Generator uncertainties

In this appendix details are shown for the calculation of the systematics uncer-
tainties due to the choice of the MC generator for the unfolding, for K production
inside b-jets, inside non b-tagged jets, outside any jets and for the total sample.
As explained in Section 5.7.1 the distributions have been rebinned in order to
bring down statistical fluctuations and the systematics uncertainties are conser-
vatively taken as the sum of the central values plus the statistical uncertainty in
the calculation.This is illustrated in Figures 92, 93, 94 and 95.
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Figure 92: The KY inside b-jets systematic uncertainties due to the MC generator
as a function of pr, ||, energy, energy fraction (zg), multiplicity and average
multiplicity.
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The AP results are shown in Figures 96, 97, 98 and 99.
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Figure 98: The A outside any jet systematic uncertainties due to the MC genera-
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Figure 99: The total sample A systematic uncertainties due to the MC generator
as a function of pr, ||, energy, energy fraction (zx), multiplicity and average

multiplicity.

A.2 Pile-up uncertainties

In Figure 100 details are shown of the pile-up systematics calculation following
the data-driven procedure described in Section 5.7.2, for KQ production inside
b-jets, inside non b-tagged jets, outside any jets and for the total sample.
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Figure 100: The K outside any jets systematic uncertainties due to the pile-up
modelling as a function of pr, |n|, energy, energy fraction (zx), multiplicity and
average multiplicity.

A.3 JES and JER uncertainties

In Figures 101, 102, 103 and 104, details for the calculation of JES systematics
uncertainties are shown for K inside b-jets, inside non b-tagged jets, outside any
jets and for the total sample.
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and average multiplicity.
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Figure 103: The K outside any jet systematic uncertainties due to the JES
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average multiplicity.
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Figure 104: The total sample K systematic uncertainties due to the JES un-
certainty as a function of pr, |n|, energy, energy fraction (xy), multiplicity and
average multiplicity.

In Figures 105, 106, 107 and 108, details for the calculation of JES systematic

uncertainties are shown for A inside b-jets, inside non b-tagged jets, outside any
jets and for the total sample.
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Figure 105: The A inside b-jets systematic uncertainties due to the JES uncer-
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average multiplicity.
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Figure 108: The total sample A systematic uncertainties due to the JES un-
certainty as a function of pr, |n|, energy, energy fraction (x,), multiplicity and
average multiplicity.

In Figures 109, 110, 111 and 112, details for the calculation of JER systematic

uncertainties are shown for K inside b-jets, inside non b-tagged jets, outside any
jets and for the total sample.
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Figure 109: The K inside b-jets systematic uncertainties due to the JER un-

certainty as a function of pr, |n|, energy, energy fraction (zx), multiplicity and
average multiplicity.
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Figure 110: The K inside not b-tagged jets systematic uncertainties due to the
JER uncertainty as a function of pr, ||, energy, energy fraction (x ), multiplicity
and average multiplicity.
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average multiplicity.
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Figure 112: The total sample K{ systematic uncertainties due to the JER un-
certainty as a function of pr, |n|, energy, energy fraction (xx), multiplicity and
average multiplicity.

In Figures 113, 114, 115 and 116, details for the calculation of JER systematic

uncertainties are shown for A inside b-jets, inside non b-tagged jets, outside any
jets and for the total sample.
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Figure 113: The A inside b-jets systematic uncertainties due to the JER un-
certainty as a function of pr, |n|, energy, energy fraction (x,), multiplicity and
average multiplicity.
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Figure 114: The A inside not b-tagged jets systematic uncertainties due to the
JER uncertainty as a function of pr, ||, energy, energy fraction (z, ), multiplicity
and average multiplicity.
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