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Abstract

This thesis presents two measurements performed in the H → ττ channel and based on

the proton-proton collisions data collected by the ATLAS experiment during 2015 and

2016 and corresponding to an integrated luminosity of 36.1 fb−1. The H → ττ is a consid-

erably important decay channel because it allows to directly measure the Higgs Yukawa

coupling and to probe the Higgs boson properties.

Measurements of the Higgs production cross section in the H → ττ decay channel are

presented. The observed (expected) significance of the H → ττ signal excess over the

expected background amounts to 4.4 (4.1) standard deviations. This result, combined

with the data taken at
√
s = 7 and 8 TeV, leads to an observed (expected) signifi-

cance of 6.4 (5.4) and constitutes the first ATLAS observation of H → ττ . The mea-

sured total cross section of H → ττ , using the data collected at
√
s = 13 TeV, is

3.77+0.60
−0.59 (stat.) +0.87

−0.74 (syst.) pb which is consistent with the Standard Model expecta-

tion. In addition, total cross sections for the vector boson fusion and gluon-gluon fusion

processes have been measured separately and similar results are reported based on the

simplified template cross section framework. All of these measurements are in agreement

with the Standard Model predictions.

The second measurement presented in this manuscript concerns a CP violation study in

the same decay channel. The coupling structure of the vertex where the Higgs couples

to two electroweak gauge bosons in its vector boson fusion production is investigated.

The Optimal Observable method is used to directly test CP invariance in this vertex. No

sign of CP violation is observed and constraints on the d̃ parameter, which governs the

strength of CP violation, have been set. A 68% CL interval is observed for d̃ of [-0.090,

0.035], compared to an expected interval of d̃ ∈ [−0.035, 0.033]. No constraints can be set

at 95% CL despite an expected interval d̃ ∈ [−0.21, 0.15] at 95% CL was determined.
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Introduction ix

Introduction

On July 4th, 2012, the ATLAS and CMS collaborations announced the discovery of a

particle compatible with the Higgs boson predicted by the Standard Model, with a mass

around 125 GeV [1, 2]. The Higgs boson is the particle foreseen by the Higgs mechanism,

proposed in 1964 by Higgs [3] and, Brout and Englert [4], in an independent way. This

mechanism is responsible for the electroweak spontaneous symmetry breaking and then

of the consequent acquisition of mass of all the Standard Model particles. The search of

the Higgs boson was one of the major quests at accelerators during the previous 20 years

since it was the only Standard Model particle still not observed. The discovery made by

the ATLAS and CMS experiments, has therefore allowed to explore a new unkown sector.

After the Higgs discovery, the studies have been focused on measuring its properties like

its coupling strength and spin-parity properties. Many measurements have been per-

formed during the Run 1 data taking at a center of mass energies of 7 and 8 TeV at the

LHC and they all have confirmed the Standard Model expectations [5, 6]. From 2015 to

2018, the LHC has been operating at a center of mass energy of 13 TeV and at higher

instantaneous luminosity, allowing new high precision measurements in the recent discov-

ered Higgs sector.

Many Run 1 results concerning the Higgs boson rely on the bosonic decay modes of this

particle. It is therefore highly important to asses the Higgs couplings to the fermionic

sector as well. Among the Higgs fermion couplings, only the ones to the third generation

fermions are currently accessible at the LHC and the Higgs decay into a pair of τ leptons

is the only accessible leptonic decay mode. The H → ττ is therefore considerably impor-

tant since it allows to directly probe the Higgs Yukawa couplings.

This thesis work presents two measurements based on the data from proton-proton col-

lisions collected by the ATLAS experiment during 2015 and 2016, and corresponing to

an integrated luminosity of 36 fb−1. Both the measurements exploit the H → ττ decay

channel. Firstly a measurement of the Higgs boson production cross section is presented.

This analysis exploits all the available combination of leptonic (τ → lνν̄ with l = eµ)

and hadronic (τ → hadrons ν) τ decays. Two different kind of signal regions are defined

by applying specific selection cuts: one region which targets events produced through

vector boson fusion and one region which is enriched in gluon-gluon fusion events with

an additional recoiling jet. A fit to the Higgs invariant mass distribution in all the signal
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regions is used in order to extract the signal strength. In addition, measurements of the

total Higgs production cross section as well as separate measurements of the vector boson

fusion and the gluon-gluon fusion production cross section and a first attempt to cross

section measurements, based on the simplified template cross section framework, have

been carried out.

The second measurement described in this manuscript concerns a CP violation study in

the same Higgs decay channel and therefore is closely related to the cross section measure-

ment. Beside the coupling strength, it is crucial to measure the spin and CP quantum

numbers of the Higgs boson in order to determine whether it is exactly the predicted

particle by the Standard Model. In addition, it is interesting to look for CP violation

since this is one of the three Sakharov conditions [7], required for explaining the baryon

asymmetry in the universe.

This second analysis aims at studying the coupling structure of the vertex where the

Higgs couples to two electroweak gauge bosons (HV V ), through the vector boson fusion

production mode. This is done in an Effective Field Theory framework that features only

SM particles and symmetries at the electroweak scale. This is a minimal choice but it is

well justified by the present data and in addition it reduces the possible interactions that

Lorentz symmetry alone would allow and gives a powerful framework where constraints

can be analyzed. The analysis strategy is in principle independent from the specific de-

cay mode, however the H → ττ is used due to its effectiveness in selecting VBF events.

The variable used to probe CP violation is the so-called Optimal Observable [8, 9] which

combines the informations from a multidimensional phase space into a single quantity.

The Optimal Observable mean value is used for a direct test of CP invariance, while a

fit to the full Optimal Observable distribution, allows to measure the d̃ parameter, which

describes the strength of CP violation. I took part on the first publication using this

technique on Run 1 data during my master thesis.

My contributions are focused especially on the fully hadronic τ decay channel (τhadτhad).

Indeed, in this thesis the general analysis strategies will be presented but with particular

emphasys on this subchannel.

Concerning the cross section measurement I performed the calculation of the theoretical

uncertainties on the signal. These involved a first part of truth-level studies where I took

care of the Monte Carlo samples production, of the evaluation strategy and of the software

development for evaluating these uncertainties. A second step involved the evaluation of

reconstruction-level uncertainties with new Monte Carlo techniques developed by a joint

effort of many theoretical groups. This is explained in details in Chapter 5. In addition,

I took care of the statistical analysis and the fitting strategy for the τhadτhad channel.

Concerning the CP violation measurement, I was also in charge of the statistical analysis

and the fitting strategy for the τhadτhad channel. In addition, I took care of signal regions

optimization and systematic uncertainties, considering that the work done for the cross

section analysis affects this analysis as well. Therefore, in this manuscript, more details

will be given on the systematic uncertainties and the fitting strategy as well as on the

discussion of the results.

I also co-supervised two bachelor thesis related to the H → ττ studies: one thesis has

been developed within the CP measurement, testing the sensitivity of the analysis using
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different models with respect to the default one used in the analysis. The other thesis

concerned the problem of the recostruction of the Higgs mass in the H → ττ channel and

explored alternative machine learning algorithms with respect to the actual likelihood-

based algorithm used in ATLAS.

Moreover, I was involved in studies on the Pixel detector. I worked on studies on the

errors flagged by the front-end chips in order to look at possible correlations with occu-

pancy and beam conditions. This task also allowed me to become a qualified ATLAS

author. In addition, I joined the Pixel Data Quality group which performs checks on the

data, specifically looking at the Pixel detector status. In the meantime I took care of

the maintanance and modifications of two packages of Pixel software, which are able to

convert and monitor data and informations coming from the Pixel modules and which

are part of the ATLAS official software. These studies are not part of the main body of

this thesis and are described in Appendix A.

The thesis structure is organized as follows. Chapter 1 gives an introduction to the Stan-

dard Model theory and the Higgs mechanism, as well as the Higgs boson phenomenology

at the LHC. Chapter 2 describes the Large Hadron Collider and the ATLAS experimental

apparatus. The workflow of data and Monte Carlo samples is illustrated in Chapter 3.

The algorithms for reconstructing the physics objects, which are of interest of the de-

scribed analysis, are presented in Chapter 4. Finally, Chapter 5 and Chapter 6 describe

the main topic of this work, illustrating the H → ττ cross section measurement and the

CP violation measurement, performed in the same channel, respectively.





Chapter 1

The Standard Model of Particle Physics

The Standard Model (SM) [10, 11, 12, 13] of particle physics is the theoretical model

which describes the structure of matter and all fundamental interactions except gravity,

through the framework of quantum field theory, which unifies relativistic dynamics and

quantum mechanics.

The Standard Model is a non-abelian gauge theory invariant under the symmetry group

SU(3)C×SU(2)L×U(1)Y where SU(3)C is the color symmetry which provides a complete

description of Quantum Chromodynamics (QCD) and SU(2)L × U(1)Y is the symmetry

of Electroweak theory which describes electromagnetic and weak interactions, unified at

∼ 100 GeV scale. The gauge group of SM has then 8 + 3 + 1 = 12 generators with non

trivial commutation rules. These 12 generators are associated with 12 spin 1 particles,

which are the mediators of the fundamental interactions, called gauge bosons: 8 gluons,

W i(i = 1, 2, 3), B. The gluons are massless particles responsible for the strong interac-

tion while W i(i = 1, 2, 3) and B are responsible for the electroweak interaction. The mass

eigenstates for the electroweak gauge bosons correspond to the W±, Z and γ particles.

In the SM there are also matter fields in addition to the gauge fields, which describe spin
1
2 particles called fermions, namely quarks and leptons, grouped in three generations.

Figure 1.1 summarizes the fundamental particles and their characteristics. In addition

to the particles described above, the Higgs boson, which is the particle associated to the

Higgs field, is added to the scheme and it is necessary for introducing the mass in the SM

as will be described in Section 1.3.

The SM Lagrangian can then be expressed as the sum of an electroweak and a QCD

Lagrangian, not taking into account for the moment the Higgs sector:

LSM = LEW + LQCD (1.1)

1.1 Electroweak interaction

Electromagnetic and weak interactions, altough seem very different at low energy scale,

are different aspect of the same force. The model that unifies these two interactions is

the result of the work done in the 1960s by Glashow and later by Weinberg and Salam

who laid the foundations of the SM [10, 11, 12].

1



2 1.1 Electroweak interaction

Figure 1.1: Illustration of all Standard Model particles with their features and quantum

numbers [14].

The electroweak Lagrangian is invariant under the symmetry group SU(2)L × U(1)Y
where the subscript L refers to SU(2) left-handed fields and Y refers to the conserved

quantity ofelectroweak hypercharge which is defined by the Gell-Mann–Nishijima formula:

Q = Iz +
1

2
Y (1.2)

where Q is the electric charge and Iz is the third component of isospin.

The local gauge invariance is obtained by defining the covariant derivative Dµ:

∂µ → Dµ = ∂µ + igTiW
i
µ + ig′

1

2
Y Bµ (1.3)

where the T i are the three components of the weak isospin and Y is the weak hyper-

charge operator.

Thus the complete Lagrangian for the electroweak sector is:

LEW = iψγµDµψ −
1

4
W k
µνW

µν
a −

1

4
BµνB

µν (1.4)

where W k
µν and Bkµν are the kinetic terms:

W k
µν = ∂µW

k
ν − ∂νW k

µ − gεklmWµ,lWν,m (1.5)

Bµν = ∂µBν − ∂νBµ
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The introduction of the covariant derivative leads to the following expression for the

interaction part of the Lagrangian:

LintEW = −g(ψLγ
µTiψL)W i

µ −
g′

2
Y (ψγµψ)Bµ (1.6)

The fields associated to the electroweak gauge group are therefore four: Wµ
i (i =

1,2,3) for SU(2) and Bµ for U(1). The three Wµ fields couple only to left-handed spinor

fields while Bµ couples both to left-handed and right-handed spinors. These gauge fields

however don’t represent the known physical particles such as W±, Z0, and γ; the physical

fields associated to vector bosons W± are obtained by a linear combination of Wµ
1 e Wµ

2 :

W± =
1√
2

(Wµ
1 ∓W

µ
2 ) (1.7)

The mixing between Wµ
3 e Bµ provides the two neutral bosons, the photon and the

Z: (
Zµ

Aµ

)
=

(
cos θW − sin θW
sin θW cos θW

)(
Wµ

3

Bµ

)
(1.8)

where the mixing angle θW is the Weinberg angle, with sin2 θW = 0.23122±0.000017,

according to the most recent measurement [14]. The electric charge is related to the g

and g′ coupling constants:

g sin θW = g′ sin θW = e (1.9)

and the coupling constant for the weak neutral current is:

gZ =
e

sin θW cos θW
(T3 −Q sin2 θW ) (1.10)

1.2 Quantum Chromodynamics

QCD Lagrangian is based on a SU(3) symmetry group and has the following expression:

LQCD = −1

4
Gµνα Gαµν +

∑
f

qfαiγ
µDαµβq

β
f (1.11)

where the subscript f denotes the quark flavour, the indices α and β run over the

color quantum numbers and Giµν is the gluon kinetic term:

Gµνα = ∂µGνα − ∂νGµα − gsfabc1G
µ
bG

ν
c (1.12)

In Equation 1.11 the covariant derivative is introduced, in order to retain the gauge

invariance and it has the following expression:

∂µ → Dαµβ = ∂µδ
α
β + igsλ

iα
β G

i
µ (1.13)

1Structure constants of SU(3)
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where λi are the SU(3) Gell-Mann matrices and the index α runs over the color

quantum number.

The QCD coupling constant αs can be expressed as a function of the energy transferred

in the interaction, as follows:

αs(Q
2) =

g2
s

4π
=

12π

(11NC − 2Nf ) ln( Q2

Λ2
QCD

)
(1.14)

where ΛQCD is an experimental parameter with value of ∼ 200 MeV, NC is the num-

ber of colours and Nf the number of flavours. The strength of the coupling is therefore a

quantity that depends on the energy scale of the process and this is a general feature of

the quantum field theories. It happens either in quantum electrodynamics, in the weak

theory and in QCD: in the first case the coupling constant increases when the scale of

the process gets larger. This behaviour can be physically explained as a screening effect

of the electron charge by a cloud of e+e− generated from emission of virtual photons

from the electron itself. This is the result of renormalization of the theory which treats

the infinities appearing in the calculation of Feynman diagrams. In the weak theory and

in QCD the situation is different because boson-boson self couplings are possible (this is

a particularity of non-abelian gauge theories). For low energy scale (therefore for short

distances) the coupling becomes larger and this is responsible for the phenomenon of con-

finement of quarks and gluons in the hadron. Only colorless particle such as hadrons are

visible in nature, the quarks and gluons in the hadrons, which are called partons, are not

visible. When the scale gets larger the coupling costant decreases and the partons are

quasi free instead, this is what is called asymptotic freedom. In addition when attempt-

ing to extract a parton from a hadron, because of the increase of the potential energy,

new quark-antiquark pairs and gluons are created and this process can proceed with the

creation of more pairs (fragmentation and hadronization).

Infinities arising from loop Feynman diagrams (ultraviolet divergences) in QCD are reab-

sorbed by the renormalization procedure. This procedure introduces a energy scale from

which the physical observables are independent and it is referred to as the renormalization

scale, µR. In principle the value of µR chosen is arbitrary but usually the energy scale of

the involved process is used and therefore we can replace Q2 in Equation 1.14 with µR.

The perturbative QCD is fundamental for precision calculation in case of high energy

hadronic collisions (as for the LHC). In this case the hadrons interacts revealing their

inner structure. Therefore the center of mass energy depends on the fraction of the mo-

mentum carried by the interacting partons and thus it is lower than the proton-proton

center of mass energy. The parton center of mass energy is:

√
ŝ =
√
x1x2s (1.15)

where
√
s is the proton center of mass energy and x1 and x2 are the so-called Bjorken

x, namely the fractions of proton momenta carried by the scattering partons. From

the factorization theorem of the QCD [15] it is known that the total hadron-hadron

cross section is given by the convolution of the partonic cross section and the Parton
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Distribution Functions (PDFs):

σpp→X =
∑
a,b

∫
dx1dx2fa(x1, µF )fb(x2, µF )σ̂ab→X(ŝ, µF , µR) (1.16)

where a and b run over all types of partons, σ̂ab→X is the partonic cross section which

depends on
√
ŝ and on µR and µF which are the renormalization and factorization scales

respectively and, fa(x1, µF ) and fb(x2, µF ), are the PDFs, which represent the probability

to find a parton with a momentum fraction x inside the hadron and depend only on

the factorisation scale. The meaning of the renormalization scale has been previously

mentioned while the factorization scale can be interpreted as the resolution with which the

hadron is being probed. It is related to the collinear and soft infinities in QCD (infrared

divergences) which are reabsorbed by redefining the dependence of PDFs from the scale

of the process. The PDFs evolution is indeed determined by the DGLAP equations [16,

17, 18] while the perturbative QCD is not able to predict their initial values and they

must be fixed from fits to experimental data. The expression for the DGLAP equations

is the following:

dfqi
d log(Q2)

=
αs(Q

2)

2π

∫ 1

x

dξ

ξ

[
Pqq
(x
ξ

)
fqi(ξ,Q

2) + Pqg
(x
ξ

)
fg(ξ,Q

2
)]

dfg(x,Q
2)

d log(Q2)
=
αs(Q

2)

2π

∫ 1

x

dξ

ξ

[
Pgq
(x
ξ

)
fqi(ξ,Q

2) + Pgg
(x
ξ

)
fg(ξ,Q

2)
] (1.17)

where the first equation is for quarks and the second for gluons. The Pab functions are

the splitting functions which accounts for the probability that a parton a with momentum

fraction ξ emits a parton b with a fraction of momentum z = x
ξ . At Leading Order the

splitting functions have the following expressions:

Pqq(z) =
4

3

[1 + z2

1− z
]

Pgg(z) = 3
[1− z

z
+

z

1− z
+ z(1− z)

]
Pgq(z) =

4

3

[1 + (1− z)2

z

]
Pqg(z) =

1

2

[
z2 + (1− z)2

]
(1.18)

As for the renormalization scale we can replace Q2 in Equations 1.17 with µF .

An example of PDF evolution can be seen in Figure 1.2.

1.3 Higgs mechanism

In a gauge theory the mass of all gauge bosons and fermions is zero, but it is experimentally

known that particles in SM such as electroweak gauge bosons W± and Z0 have mass.

However an explicit mass term of the form M2V µVµ for bosons is not allowed in the SM
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Figure 1.2: NNLO Parton Distribution Functions (PDFs) evaluated at Q2 = 10 GeV2

and Q2 = 104 GeV2 with associated 68% C.L. uncertainty bands for the MMHT2014

set [19].

lagrangian because it breaks local gauge invariance. In addition also the mass term for

fermions introduced by hand in the lagrangian, which would be of the form −mf ψ̄ψ, is

not gauge invariant and this is clear if we decompose the expression in helicity states:

−mf ψ̄ψ = −mf (ψ̄R + ψ̄L)(ψL + ψR) = −mf (ψ̄RψL + ψ̄LψR) (1.19)

Since ψL (left-handed, member of an isospin doublet, I = 1
2 ) and ψR (right-handed,

isospin singlet, I = 0) behave differently under rotations these terms are not gauge

invariant:

ψL′ → ψL = eiα(x)T+iβ(x)Y ψL (1.20)

ψR′ → ψR = eiβ(x)Y ψR (1.21)

In 1964 Higgs [3] and, Brout and Englert [4] in a indipendent way, proposed a mecha-

nism which is able to introduce mass terms preserving at the same time invariance under

SU(2)L × U(1)Y .

The Higgs Mechanism of spontaneous symmetry breaking is introduced by considering an

isospin doublet of complex scalar fields Φ(x) and a scalar potential V (Φ):

Φ(x) =

(
φ+(x)

φ0(x)

)
(1.22)

V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2 (1.23)

where the complex scalar field has weak hypercharge Y (Φ) = 1 and the coefficient λ

is positive to ensure the potential V is limited from below.

The Lagrangian for the Higgs Sector can be written as:

LHiggs = (DµΦ)†(DµΦ)− V (Φ) (1.24)
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where the covariant derivative is that of equation (1.3). The choice of µ2 > 0 gives a

mass term to Φ and implies a trivial minimum of the potential at Φ = 0. In this situation

we have a vacuum at

(
0

0

)
where the exact symmetry of the Lagrangian is preserved.

In the situation of µ2 < 0 we have an infinite number of minima (vacuaa), as shown in

Figure (1.3). From the infinite number we can choose the following minimum:

< Φ >=
1√
2

(
0

v

)
(1.25)

Figure 1.3: Higgs potential for a scalar field with µ2 < 0.

The choice of a particular value of the vacuum breaks the electroweak symmetry. The

particle spectrum is obtained by studying the Lagrangian under small oscillations around

the minimum and then the scalar doublet can be rewritten as:

Φ =
1√
2

(
φ1 + iφ2

v + h+ iη

)
(1.26)

where v is the vacuum expectation value of Higgs potential with value v =
√
−µ2

2λ > 0,

h is a scalar field, the Higgs field, and the other three fields are massless scalars. These

three degrees of freedom corresponds to the Goldstone bosons due to the breaking of three

out of four generators of the SU(2)L × U(1)Y symmetry group and they can always be

brought to zero choosing a specific gauge called the unitary gauge. The resulting kinetic

term for the scalar fields, after using hypercharge and isospin operators is (omitting the

h-mixed terms):

Lkin = (DµΦ)†(DµΦ)

=
v2

8

∣∣∣∣(gτkW k
µ + g′Bµ)

(
0

1

)∣∣∣∣2
=
v2

8

[
g2
(
(W 1

µ)2 + (W 2
µ)2
)

+ (gW 3
µ − g′Bµ)2

] (1.27)
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Using the relations 1.9 and 1.10 we can rewrite the Lagrangian in terms of physics

fields as:

1

8
v2[g2(W+)2 + g2(W−)2 + (g2 + g′2)Z2 + 0 ·A2] (1.28)

where we can identify the mass terms for the gauge bosons:

• MW+ = MW− = 1
2vg

• MZ = 1
2v
√

(g2 + g′2)

• Mγ = 0

We found that Higgs boson couples only to massive particles and the couplings to

gauge bosons are proportional to M2
V .

Fermions acquire mass through a Yukawa interaction between the scalar field Φ and the

fermionic field:

Lf = −λf [ψ̄LΦψR + ψ̄RΦ̄ψL] (1.29)

where λf are Yukawa couplings. These terms are invariant not only under SU(2)L
but also under U(1)Y due to the Higgs weak hypercharge.

In the leptonic case, using the unitary gauge, we have:

Le = −λe
1√
2

[ (
ν̄, ē

)
L

(
0

v + h

)
eR + ēR

(
0, v + h

)(ν
e

)
L

]
= −λev√

2
ēe − λe√

2
hēe

The Yukawa coupling costants are proportional to fermions mass,
λf√

2
=

mf
v and the

λf are free parameters, they are not predicted by the theory.

In the quark case, the Yukawa coupling mentioned before is not sufficient: it gives mass

only to down components of the isospin doublet; for giving the mass also to the up

component we need to introduce a doublet of complex fields and the Lagrangian with the

Yukawa coupling for ”up-like” particles is defined as follows:

Lup = Y upij ψ̄
L
i Φ̃cuRj (1.30)

where i and j are flavour indices, Yij is the Yukawa matrix which contains masses for

the different flavours and Φc is the charge conjugate field of Φ.

The potential (1.23) can be expressed as:

V (Φ) = const+ 2µ2Φ2 + 2
√

2
µ√
λ

Φ3 + λΦ4 (1.31)

where the cubic and the 4th order terms in Φ are the Higgs self-interaction terms. It

is also possible to recognize a mass term for the Higgs:

mH =
√

2µ (1.32)
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The SM Lagrangian can then be completed by adding the Yukawa and Higgs terms:

LSM = LEW + LQCD + LHiggs + LY ukawa (1.33)

1.4 Higgs boson phenomenology

The discovery of a new particle compatible with the SM Higgs boson was announced by the

ATLAS and CMS experiments on July 4th 2012 [1, 2]. Since then many measurements

have been performed at the LHC concerning the Higgs boson mass, cross section and

couplings, and properties, confirming the SM nature of the Higgs. However before the

Higgs discovery, theoretical limits on the Higgs boson mass were available, even though

the theory does not predict the exact value of the mass. Moreover experimental limits

came from searches at Tevatron and LEP. The knowledge about the Higgs boson before

the LHC era will therefore be summarised in the following section, followed by the Higgs

phenomenology description and measurements at the LHC.

1.4.1 Theoretical and experimental constraints on the Higgs boson mass

The theory, as seen in the previous section, is not able to predict Higgs mass as it depends

on the λ parameter which is a free parameter of the spontaneous symmetry breaking.

However there are some theoretical constraints which limit the Higgs mass range.

The first limit comes from the unitarity requirement. In particular the W+W− →
W+W− scattering involves the quadratic gauge coupling with exchanges of Z, γ and

possibly the Higgs Boson. If the boson is too heavy or does not exist, the unitarity is

violated unless some new physics appears at the scale of 1 TeV or the Higgs is lighter

than 800 GeV.

The triviality bound sets an upper limit to the Higgs mass. The SM remains valid as long

as the Higgs self-coupling is finite (finite values of λ). As this coupling increases with

energy, a cut-off Λ must be set, after which some new physics takes over. If the SM is

required to remain valid up to the electroweak scale (102 GeV), then Higgs self-coupling

is constrained and therefore the upper limit on the Higgs mass is 1 TeV. If its validity

extends to the GUT (1016 GeV), then are allowed masses for the Higgs up to 160 GeV.

The stability bound sets a lower limit to the range of Higgs mass by the requirement that

the minimum of the potential be lower than that of the unbroken theory and that the

electroweak vacuum is stable. For small values of Higgs self-coupling and therefore for the

Higgs mass, the dominant contribution comes from the top quark through the Yukawa

coupling. Since this contribution is negative, the value of λ may become negative and at

this point there is no minimum anymore.

Combining all these effects, the theoretical limits on the Higgs mass are represented in

Figure 1.4.

Before the discovery of the Higgs at the LHC, the limits on its mass came from direct

search at Tevatron and LEP. The first phase of LEP at the energy of the Z pole, excluded

the mass range below 65.2 GeV. The upgraded LEP2 increased the center of mass energy

up to 209 GeV, looking at the ”Higgs-strahlung” production (e+e− → Z∗ → HZ) and in
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Figure 1.4: Theoretical limits on the Higgs boson mass from the triviality bound (upper

limit) and the vacumm stability (lower limit) as a function of the cut-off Λ. The allowed

regions lies between the two bands and the colored band represent the impact of various

uncertainties [20].

this phase the range mH < 114.4 GeV was excluded at the 95% confidence level(CL) [21].

Tevatron was a pp̄ collider at Fermilab, which operated until 2011 reaching the center

of mass energy of 1.96 TeV. Using the data from 10−1 fb-1 of integrated luminosity and

combining the results from the two experiments, CDF and D0, the excluded regions at

95% CL are between 90 and 109 GeV and between 149 and 182 GeV [22]. The results

from LEP and from the TEVATRON are summarized in Figure 1.5 and Figure 1.6.

The most stringent limits came from the electroweak precision data from the LEP

Electroweak Working Group [23] and more recently by the GFitter collaboration [24]

where constraints on Higgs mass are obtained by using a fit over all SM variables as

shown in Figure 1.7.

1.4.2 Higgs boson production modes at the LHC

In a pp̄ collider as the LHC, the Higgs can be produced through four dominant processes

(leading-order Feynman diagrams are shown in Figure 1.8):

• Gluon Fusion (ggF). The Higgs boson cannot couple to massless particles such

as gluons, neverthless this coupling is allowed through a quark loop where the

main contribution is from the top quark. It has the highest cross section due to

the abundance of gluons in the proton and the large Yukawa coupling of the top

quark. The theoretical calculation has reached the N3LO accuracy and predicts
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Figure 1.5: Confidence level of signal plus background hypothesis on the SM Higgs boson

at LEP. Solid line: observation; dashed line: median background expectation. The dark

and light shaded bands around the median expected line correspond to the 68% and

95% probability bands. The intersection of the horizontal line for CLs = 0.05 with the

observed curve is used to define the 95% confidence level lower bound on the mass of the

Standard Model Higgs boson [21].

the following value for a ggF production cross section of a Higgs boson with mH =

125 GeV at a center of mass energy of 13 TeV [25]:

σggF = 48.58 pb +4.6%
−6.7% (theory)± 3.2% (PDF + αs) (1.34)

The systematic uncertainties referred to as ”theory” are due to the missing higher

order QCD terms, the EW corrections, the effects of missing b and c quark mass

and the corrections due to the top quark mass effects whereas the ”PDF + αs” are

due to the PDF set and the αs value used.

• Vector Boson Fusion (VBF). It is the second most abundant process at the LHC

where the two quarks from the colliding protons irradiate a pair of electroweak gauge

bosons that merge producing the Higgs. It is characterized by a clear experimental

signature with two high-pT jets located in the forward region with a large rapidity

separation between them. The NNLO prediction for the VBF production cross



12 1.4 Higgs boson phenomenology

Figure 1.6: Expected (dashed line) and observed (solid line) 95% CL upper limits on SM

Higgs boson at the Tevatron. Regions of massess between 90 and 109 GeV and between

149 and 182 GeV, for which the observed curve lies below 1, are excluded at 95% CL [22].

Figure 1.7: ∆χ2 of the global electroweak fit without the MH measurement shown as the

grey band. Also shown is the result of the fit without the MH measurements (grey band).

The solid and dashed lines give the results when including and ignoring theoretical errors,

respectively [24].

section of a Higgs boson with mH = 125 GeV at a center of mass energy of 13 TeV

is [25]:

σV BF = 3.782 pb +0.4%
−0.3% (QCD scale)± 2.1% (PDF + αs) (1.35)
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Figure 1.8: Feynman diagrams for the Higgs production mechanisms at the LHC.

The systematic uncertainties are here due to the missing higher order QCD terms

(QCD scale) and to the PDF and αs. The same uncertainties are also calculated

for the following processes.

• Associated production with Z and W (Higgs-strahlung). It is the third most

abundant process where a produced high energy weak boson irradiates an Higgs.

The final state is therefore composed by a Higgs boson and a W or Z, then the W

or Z decays in jets or in leptons/neutrinos. The NNLO prediction for the ZH/WH

production cross sections of a Higgs boson with mH = 125 GeV at a center of mass

energy of 13 TeV are [25]:

σWH = 1.373 pb +0.5%
−0.7% (QCD scale)± 1.9% (PDF) + αs)

σZH = 0.8839 pb +3.8%
−3.1% (QCD scale)± 1.6% (PDF) + αs)

(1.36)

• Associated production with top-antitop quark pair (ttH). It is the last

production process in terms of cross section among the ones measured at the LHC.

The Higgs boson is produced in association wih a top-antitop quark pair. The final

state is therefore composed by a Higgs boson and the tt pair that consequently

decay in a b-quark plus a W±. The NLO prediction for the ttH production cross

section of a Higgs boson with mH = 125 GeV at a center of mass energy of 13 TeV

is [25]:

σttH = 0.5071 pb +5.8%
−9.2% (QCD scale)± 3.6% (PDF) + αs) (1.37)

Similar to the ttH production mode, is also worth to mention the bbH process

where a Higgs boson is produced in association with a bottom-antibottom quark

pair. Its cross section, obtained by matching calculation at NNLO with the five

flavour scheme and NLO with the four flavour scheme, is [25]:

σbbH = 0.488 pb +20.2%
−23.9% (QCD scale + PDF + αs) (1.38)
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Decay Branching Ratio Error (%)

H → bb 5.77× 10−1 +5.0
−4.9

H →W+W− 2.15× 10−1 +4.3
−4.2

H → gg 8.6× 10−2 +10.22
−9.98

H → τ+τ− 6.32× 10−2 ±5.7

H → ZZ 2.64× 10−2 +4.3
−4.1

H → cc 2.68× 10−2 +12.17
−12.21

H → γγ 2.28× 10−3 +5.0
−4.9

H → Zγ 1.54× 10−3 +9.0
−8.9

H → µ+µ− 2.19× 10−4 +6.0
−5.9

Table 1.1: Higgs branching ratios for a Higgs of mass mH = 125 GeV.

In Figure 1.9 the rates of the production mode, as explained above, are given as a

function of the Higgs mass.
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Figure 1.9: Cross sections for the Higgs production mechanism at a center of mass energy

of 13 TeV as a function of the Higgs mass. Thickness of the curves indicates the level of

uncertainty in the calculation [25].

1.4.3 Higgs boson decays

The Higgs boson couples to any massive particle with a strength of the coupling propor-

tional to its mass. For this reason the Higgs decays mostly to the heaviest kinematically

accessible particle pair. In table 1.1 are reported the branching ratios of a Higgs of mass

mH = 125 GeV and in Figure 1.10 the Higgs branching ratios as a function of the Higgs

mass [25].

For a Higgs of mass about 125 GeV the decay with the highest probability is the decay

in pair of b-quark but is dominated by QCD background and the problem of b-tagging.
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Figure 1.10: Higgs branching ratios as a function of the Higgs mass [25].

1.4.4 Higgs boson measurements

On July 4th 2012, the ATLAS and CMS collaborations announced the discovery of a

new particle compatible with the predicted Standard Model Higgs boson [1, 2]. The

ATLAS measurement used a dataset corresponding to the integrated luminosities of

4.8 fb-1 collected at
√
s = 7 TeV in 2011 and 5.8 fb-1 collected at

√
s = 8 TeV in

2012. Clear evidence for the production of a neutral scalar boson with a measured mass

of 126.02±0.21(stat)±0.11(syst) GeV was shown. This measurement combined the indi-

vidual measurements in the H → ZZ∗ → 4l, H → γγ and H → WW ∗ → eνµν channels

for the 8 TeV data and H → ZZ∗, γγ, WW∗, bb and τ+τ− for the 7 TeV data. The

resonance was observed with a significance of 5.9 standard deviations (Figure 1.11).

Using the full Run 1 dataset, corresponding to an integrated luminosity of 25 fb-1,

ATLAS and CMS performed a combined mass measurement in the H → ZZ∗ → 4l and

H → γγ channels [5]. They found a combined measured mass of the Higgs boson of

mH = 125.09± 0.21(stat)± 0.11(syst) GeV, with a simultaneous fit to the reconstructed

invariant mass peaks in the two channels and for the two experiments (Figure 1.12).

ATLAS and CMS also performed a combined measurement of the Higgs couplings [6].

This measurement was performed using the reduced coupling strength scale factors of

the Higgs to vector bosons and to fermions, which are defined respectively as yV,i =√
kV,igV,i/2v =

√
kV,icmV,iv and yF,i = kF,igF,i/

√
2 = kF,icmF,i/v, following a leading

order framework, the k-framework. The results are shown in Figure 1.13 and they are all

compatible with the SM expectation within the uncertainties.

The Run 2 of the LHC started in 2015 and finished in 2018. During these years LHC

operated at
√
s = 13 TeV and the ATLAS detector collected data corresponding to an
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Figure 1.11: Combined search results by the ATLAS experiment during Run 1: (a) The

observed (solid) 95% CL upper limit on the signal strength as a function of mH and the

expectation (dashed) under the background-only hypothesis. The dark and light shaded

bands show the ±1σ and ±2σ uncertainties on the background-only expectation. (b) The

observed (solid) local po as a function of mH and the expectation (dashed) for a SM Higgs

boson signal hypothesis (µ = 1) at the given mass. (c) The best-fit signal strength µ as a

function of mH . The band indicates the approximate 68% CL interval around the fitted

value [1].

integrated luminosity of 147 fb-1. Several analyses have been performed with a new level

of precision and there are still many of them ongoing. In the Higgs sector the studies have
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Figure 1.12: Scans of twice the negative log likelihood ratio −2 ln Λ(mH) as functions of

the Higgs boson mass mH for the ATLAS and CMS combination of the H → γγ (red),

H → ZZ → 4l (blue), and combined (black) channels. The dashed curves show the results

accounting for statistical uncertainties only, with all nuisance parameters associated with

systematic uncertainties fixed to their best fit values. The 1 and 2 standard deviation

limits are indicated by the intersections of the horizontal lines at 1 and 4, respectively,

with the log likelihood scan curves [5].

been concentrated mostly on the measurements of Higgs boson couplings and properties

as spin/CP quantum numbers looking for confirmation of the SM or any possible hints of

Beyond the Standard Model (BSM) physics.

1.5 The limitations of the Standard Model

The SM is a successfull and well-tested theory and provides the description of many

known phenomena. However it has some critical issues arising either from the theory or

from some observed unexplained phenomena.

Hierarchy Problem

From the theoretical side this is the main problem [27]. In the SM there are two funda-

mental scales: the electroweak scale (∼ 100 GeV) and the Planck mass scale(∼ 1018 GeV)

where the gravity interaction becomes not negligible compared to the other gauge inter-

actions. The huge difference between these two scales is somehow considered unnatural

and the other related issue is that fine-tuning cancellation are required in the Higgs bo-

son mass calculation. The Higgs mass has quadratically divergent radiative corrections

coming from virtual effects of every SM particle. The physical mass of the Higgs is then:

m2
H,physical = m2

H,bare + δm2
H (1.39)
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Figure 1.13: Best fit values as a function of particle mass for the combination of ATLAS

and CMS data, with parameters defined as kF
mF
v for the fermions and as

√
kV

mV
v for

the weak vector bosons where v = 246 GeV is the vacuum expectation value of the Higgs

field. The dashed (blue) line indicates the predicted dependence on the particle mass

in the case of the SM Higgs boson. The solid (red) line indicates the best fit result to

the [M, ε] phenomenological model of Ref. [26] with the corresponding 68% and 95% CL

band [6].

The correction, δm2
H , due to a fermion loop is:

δm2
H = −|λf |

2

8π2
Λ2 + ... (1.40)

where λf is the Yukawa coupling and Λ is the cut-off scale at which new physics should

appear. The leading term is the one coming from the top quark loop and the omitted

term is a logarithmic function of Λ. If we assume that the SM is valid until the Planck

scale, Λ can be of the order of the Planck scale and this requires a precise cancellation in

order to have a Higgs boson with mass ∼ 125 GeV. SM theory requires indeed fine-tuning

and this violates the naturnalness principle. This kind of theories are not incorrect in

the sense of falsifying observations but they are considered problematic in the absence

of a mechanism that would explain why the various parameters have exactly the needed

values.

Gravity

The gravitational interaction is still not included in the SM as there is no quantum

gravity theory. Since the gravity coupling constant is much smaller compared to the

other interactions, the effect is negligible at the energies accessible today at accelerators.

These effects become important only at the Planck scale.
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Dark matter

Many experimental observations [28, 29] have found that only the ∼ 5% of the Universe

is composed by the known barionic matter while the remaining ∼ 27% and ∼ 68% is

made up by dark matter and dark energy respectively. Recent WMAP [30] and Planck

measurements [31] seems to suggest a cold dark matter hypothesis and in this sense there

are many possible Dark matter candidates as Massive Compact Halo Objects (MACHOs),

axions and Weakly Interacting Massive Particles (WIMP). MACHOs consist of large

condensed objects that don’t emit light such as black holes, neutron stars, white dwarfs.

The search for these objects is performed through gravitational lensing and it seems to

rule out this hypothesis. Axions are neutral pseudo-scalr particles with small masses

and very low interaction cross sections for weak and strong interactions. Their existence

would also solve the strong CP problem. Finally, the WIMP are neutral massive particles

which interact only via gravity and with any other force but with the cross section of the

order of the weak interaction. There are no candidates among the SM particles but many

extensions of the SM are able to provide a suitable candidate for dark matter particle.

Neutrino

Neutrinos are predicted to be massless in the SM, however some recent measurements

on neutrino oscillations suggest that they should have very small masses (< 1 eV). The

neutrinos cannot constitute a valid dark matter candidate but many extensions of the

SM predict the existence of heavy right-handed Majorana neutrinos that can have the

requested features for being dark matter candidates.

Matter-Antimatter asymmetry

In the early universe matter and antimatter were produced in equal amounts and this is

in contradiction with the asymmetry that we observed nowaday. In 1967 Sakharov [7]

pointed out the three necessary conditions to explain the asymmetry:

• At least one B-number violating processes

• C and CP violation

• Interactions outside of thermal equilibrium

In particular the CP violation must be in a higher amount compared to the CP vio-

lation in the SM which is described by the CKM matrix [32].

For all these reasons many Beyond the Standard Model theories (BSM) have been devel-

oped since ’70’s like supersymmetry, technicolor, string theory, extra-dimensions. Many

of them introduce additional scalar fields like additional Higgs doublets in the Minimal

Supersymmetric Standard Model or provides new models for baryogenis.

Another way to study BSM physics effects in the Higgs sector is to use an Effective Field

Theory (EFT) that features only SM particles and symmetries at the EW scale. This is

a minimal choice but it is well justified by the present data and in addition it reduces

the possible interactions that Lorentz symmetry alone would allow and gives a powerful

framework where constraints can be analyzed. An EFT is a non renormalisable theory

with dimensional coupling constants and it is an approximation at low energy of a theory
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of higher energy where some new physics appears. An EFT requires an effective La-

grangian which is constructed with all the gauge-invariant local operators of the lowest

dimension, for example:

Leff = LSM +
∑
i

ciOi, ci ∼
1

Λdi−4
(1.41)

the LSM has dimension-four operators, therefore the lowest dimension operators that

extend SM are of dimension six with respect to the SM gauge symmetry. In this way

the model and the Lagrangian are simple but general enough to describe any new physics

effects coming from an higher scale in a model-independent way. It is known that the

dimension-six basis contains 59 operators [33] and for this reason, searches for new physics

always make a choice of an operator basis. This digression on EFT will be resume in

Chapter 6 since one of the two analysis discussed in this work is developed within this

framework.

1.6 CP violation

This Section will briefly describe the CP violation as this is relevant for the analysis that

measures the CP quantum numbers of the Higgs, part of this thesis work that will be

described in Chapter 6.

One of the three Sakharov hypothesis mentioned in Section 1.5 requires CP violation for

explaining baryogenis. However the amount of CP violation requested is higher than what

is predicted by the SM [32].

1.6.1 CP violation in the SM

The CP transformation combines the action of C, the charge-conjugation operator that

acts directly on the state of the particle changing the sign of quantum charges and there-

fore particles and antiparticles are interchanged and P, the parity operator that inverts

spatial cordinates in such a way that a left-handed system is transformed into a right-

handed one and viceversa. C and P are conserved symmetries for electromagnetic and

strong forces while they are separately violated by weak interaction. On the other hand

the CP product is preserved in most of the weak processes and it is rarely violated.

The first evidence for CP violation was seen in 1966 by Val Fitch and Jim Cronin in

neutral kaon decays [34]. The observed effect was small but was extremely important

because it proved that matter and anti-matter are intrinsically different.

This phenomenon was explained in the context of the SM only later in 1973 by two

Japanese physicists, Makoto Kobayashi and Toshihide Maskava [35], which extended the

concept of Cabibbo matrix [36] and introduced the third family of quarks, which was

unknown at that time.

In the quark sector, the eigenstates of the weak interaction differ from the eigenstates

of mass. In order to conserve the universality of the interaction the CKM matrix was

introduced. The CKM matrix is a unitary complex 3 × 3 matrix that connects a vector
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of down-like quark mass eigenstates to a vector of the down-like interaction partners of

the up-like quarks.

VCKM =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 (1.42)

A matrix with these characteristics can be parametrized in general by three angles

and one complex phase:

VCKM =

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13

 (1.43)

It is convenient to use the Wolfenstein parametrization [37], where the CKM matrix

is written through an expansion in powers of λ = sin θc (θc is the Cabibbo angle with a

value of sin θc = 0.2253± 0.0008 [14]):

VWolfenstein
CKM =

 1− λ2

2 λ Aλ3(ρ− iη)

−λ 1− λ2

2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4) (1.44)

Here the three Euler angles and the phase are replaced by the four real quantities, λ,

A, ρ and η. The phase δ is related to ρ and η through the relation tan δ = η
ρ , and it is

responsible for all CP-violating phenomena in flavour-changing processes in the SM. It

can be shown that CP invariance holds if the CKM matrix is real, Vij = V ∗ij .

The elements of the CKM matrix can be measured through weak flavour changing decays

and the most recent measurements show the following values [14]:

VCKM =

0.97417± 0.00021 0.2248± 0.0006 (4.09± 0.39)× 10−3

0.220± 0.005 0.995± 0.016 (42.2± 0.8)× 10−3

(8.2± 0.6)× 10−3 (40.0± 2.7)× 10−3 1.009± 0.031

 (1.45)

The unitarity of CKM matrix imposes that
∑
i VijV

∗
ik = δjk and

∑
j VijV

∗
kj = δik. The

six combinations can be represented as triangles in a complex plane, each with the same

area. The most commonly used unitarity triangle arises from the following relation:

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0 (1.46)

Equation 1.46 can be divided by the best-known product VcdV
∗
cb, thus obtaining a

triangle where its vertices are exactly (0,0), (1,0) and (ρ̄, η̄) where ρ̄ = ρ(1 − λ2

2 ) and

η̄ = η(1− λ2

2 ). The representation of this triangle can be seen in Figure 1.14.
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Figure 1.14: Unitarity triangle.

The angles of the unitarity triangle are then directly related to the complex phase:

β = φ1 = arg

(
−VcdV

∗
cb

VtdV ∗tb

)
α = φ2 = arg

(
− VtdV

∗
tb

VudV ∗ub

)
γ = φ3 = arg

(
−VudV

∗
ub

VcdV ∗cb

) (1.47)



Chapter 2

The LHC and the ATLAS detector

This Chapter is focused on the Large Hadron Collider [38] and the ATLAS experi-

ment [39]. After a brief introduction to hadron colliders, a description of the LHC is

given in Section 2.2 and the structure of the ATLAS detector is described in Section 2.3.

2.1 Hadron colliders

The Large Hadron Collider (LHC), described in Section 2.2, is a proton-proton (and

heavy ions) circular accelerator and collider. Linear accelerators are easier to build since

no beam steering system is needed but they have energy and luminosity limitations. In

order to reach high energies a long linear accelerator is required and the beam can be

used only once. Instead, in a circular accelerator only a small section is needed since the

particles travels around the ring multiple times before reaching the designed energy and

in addition the beam can be used several times. However the beams must be stable over

a long period of time, therefore dipoles and quadrupoles must be used in order to bend

and focus the beam.

The choice of particles to be accelerated is another crucial point. Elementary particles

such as electrons and positrons could seem the better choice but they have some dis-

advantages, in particular a large amount of energy is loss due to synchrotron radiation

according to the following relation:

dE

dt
∝ E4

m4R
(2.1)

where E and m are the particle energy and mass and R is the orbit radius. This im-

plies that the energy loss is significantly huger for electrons: at fixed energy and collider

orbit radius it is (mp/me)
4 ∼ 1013 times higher than for the protons.

On the other side the usage of protons is not completely free from disadvantages. Protons

are not elementary particles but they are made up by partons (quarks or gluons) which

carry only a fraction of the total momentum of the proton. In this case there are two

possible types of interactions: soft or hard collisions. The former are long distance col-

lisions in which the protons behave as elementary particles and the particles in the final

state are characterized by small transverse momentum. The hard collisions are instead

short distance interactions in which the protons interact revealing their inner structure

and these collisions are characterized by a high momentum exchange so that it is possible

23
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to produce particles with high transverse momentum and mass.

Hard collisions have smaller cross sections compared to the soft ones but they are the ones

of interest in most of measurements and in the search for new particles. As described in

Section 1.2 the total hadron-hadron cross section is given by the factorization theorem of

QCD and depends on the partonic cross section and on the PDFs.

Therefore the experiments at hadron colliders have to deal with some issues: first the

background arising from soft collisions, which happens simultaneously with the hard ones,

leading to the hadronization of many objects at low transverse momentum (underlying

event) and second the fact that it is not possible to know which partons interacted and

the center of mass energy at which the partonic collision happened and we have to rely

on PDFs.

2.2 The Large Hadron Collider

The LHC, as mentioned in Section 2.1, is a proton-proton (and heavy ions) collider

machine based at CERN, near Geneve. It uses the 27 km tunnel located underground

between 50 m and 175 m depth that was built between 1984 and 1989 for the Large

Electron-Positron (LEP) [40] collider machine. In 2000 LEP was dismissed to give way to

the LHC. The idea of a hadron collider in the LEP tunnel was proposed in 1984 during a

CERN and European Committee for Future Accelerators workshop. The LHC was then

approved in December 1994 by the CERN Council and built between 2000 and 2008. The

LHC is a two-ring synchrotron particle accelerator. It has 1232 dipole magnets which

bend the beams into its circular orbit, whereas other 392 quadrupole magnets focus the

beams. The dipoles magnetic field required to bend the proton path is 8.3 T. The resulting

current and material requirements are beyond the capabilities of traditional electromag-

nets, thus, NbTi superconducting magnets that operate at 1.9 K are used instead. This

is accomplished by using an elaborate cryogenics system, with liquid helium cooling the

magnets to their operating temperature.

The first beam circulated in the LHC on September 10, 2008. Nine days later an acci-

dent during the commisioning phase caused a one year stop. Repairs and consolidation

work allowed the accelerator to resume its program at the end of 2009. LHC succesfully

operated between 2009 and 2012 at a center of mass energy of 7 and then 8 TeV (Run

1). After a 2 year of maintance shutdown the LHC started in 2015 a second period of

data-taking operating at center of mass energy of 13 TeV and this second period ended

in 2018 (Run 2).

2.2.1 The CERN accelerators and the experiments complex

The LHC is only the final step of the CERN accelerator complex as shown in Figure 2.1.

A succession of four accelerators is used to accelerate the protons to the energy needed

for injection into the LHC. Protons are first generated using hydrogen ionized by electric

field. The first accelerating machine is the Linac 2 where the proton energy increases

to 50 MeV. The next step is the Proton Synchrotron Booster (PSB) where the protons

reach 1.4 GeV. The last two steps are the Proton Synchrotron (PS) and the Super Proton
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Synchrotron (SPS). The injection of the particle beam in the LHC occurs at an energy

of 450 GeV.

Figure 2.1: The CERN accelerator complex.

Along the LHC tunnel there are four detectors located in the collisions points, as

also shown in Figure 2.1. These are ATLAS (A Toroidal LHC ApparatuS) [39], CMS

(Compact Muon Spectometer) [41], ALICE (A Large Ion Collider Experiment) [42] and

LHCb (Large Hadron Collider beauty experiment) [43]. ATLAS and CMS are general

purpose detectors, built to be able to discover a broad spectrum of possible new physics

and study the properties of the SM Higgs boson. LHCb is specialized for looking at

hadrons made up of bottom quark to study b quark physics and to unveil the nature of

CP violation. ALICE looks at heavy ion collisions to study the nature of the quark-gluon

plasma, the state of matter believed to exist in the first fractions of time after the Big

Bang.

2.2.2 Luminosity and pile-up

The total number of events at a collider is given by:

N = Lσ, L =

∫ T

0

Ldt (2.2)
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where σ is the inelastic p− p cross section of the event and L is the integrated lumi-

nosity. L is the instantaneous luminosity that depends on some machine parameters:

L =
N2
b nbfrevγ

4πεnβ∗
F (2.3)

Nb is the numbers of particles in each bunch, nb is the number of bunches in each

beam, fr is the revolution frequency, γ is the relativistic Lorentz factor, εn is the transverse

beam emittance, β∗ is the focusing function at the collision point and F is the geometric

luminosity reduction factor due to the crossing angle at the interaction point.

The beams are injected in the LHC in bunches with a length corresponding to 1.71 ns

(reduced to 1.06 ns for collisions) and spaced by 25 ns. After the injection of all bunches,

the beams are accelerated up to designed energy, 6.5 TeV during Run 2, and then focused.

The LHC beam luminosity is not constant during the data taking period but decreseas

with time due to the degradation of the intensity and emittance of the beams. This is

mainly due to the collisions themselves in the LHC interaction points. The decay time of

the beam luminosity is given by:

τnuclear =
Nb,0

kL0σtot
(2.4)

where Nb,0 is the initial bunch intensity, L0 is the initial luminosity, k the number of

interaction points and σtot is the proton-proton total cross section.

The integrated delivered luminosity by the LHC from 2011 is shown in Figure 2.2 per

year. The integrated luminosity collected by ATLAS was 25 fb-1 during Run 1 (2011-

2012) and 147 fb-1 during Run 2 (2015-2018).

Another important parameter is the mean number of inelastic interactions per bunch

crossing. Increasing the instantaneous luminosity means increasing this parameter too.

These events are called pile-up events, they mainly come from soft collisions and constitute

a source of background. In particular the pile-up deteriorates the energy resolution for

object measurements and makes the identification of vertices and the reconstruction of

tracks more difficult. The pile-up event rate is therefore related to the instantaneous

luminosity according to the relation:

µ =
Lσ

nbfrev
(2.5)

where µ is the pile-up event rate, namely the number of inelastic interactions per

bunch crossing and nb is the number of bunches. In Figure 2.3 are reported the mean

number of interactions per bunch crossing which reached < µ >= 37.0 in 2018.

2.3 The ATLAS experiment

The ATLAS experiment is one of the two general purpose experiments at the LHC, and is

the biggest one in volume. The ATLAS detector has a cylindrical shape, providing almost

full coverage of the solid angle. It has a diameter of 25 meters and it is 44 meters long with

a weight of about 7000 tonnes. The ATLAS coordinates system, is a right-handed one,
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Figure 2.2: Cumulative luminosity versus day delivered to ATLAS during stable beams,

for p-p collisions [44].
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Figure 2.3: Luminosity-weighted distribution of the mean number of interaction per bunch

crossing during 2015, 2016, 2017 and 2018 [44].

in which the z-axis is along the beam direction, the y-axis points upwards to the earth’s

surface and the x-axis points towards the center of the LHC ring. Due to the cylindrical
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layout it is convenient to use a cylindrical coordinate system: the azimuthal angle φ runs

in the transverse plane around the beam-line and the polar angle θ is measured from

beam-axis (Figure 2.4).

Figure 2.4: Illustration of the ATLAS coordinate system.

Most commonly the pseudorapidity η is used instead of the polar angle:

η = − ln[tan
θ

2
] (2.6)

and the distance in the η − φ space is defined as:

∆R =
√

∆η2 + ∆φ2 (2.7)

The transverse quantities such as the transverse momentum, ~pT , the transverse energy

ET or the missing transverse energy EmissT are defined in the x-y plane.

The ATLAS detector is composed by layers of different subdetectors as shown in Fig-

ure 2.5:

• Inner Detector : the innermost part of the ATLAS detector, dedicated to tracking

the charged particles and vertex reconstruction. It is immersed in a 2 T magnetic

field produced by a magnetic solenoid.

• Calorimeters: there are three calorimeters in the ATLAS detector, namely electro-

magnetic, hadronic and forward calorimeters. They are placed just outside the

solenoid and their purpose is to measure the energy of electrons, photons and

hadrons.

• Muon Spectrometer : it is the outermost detector that surrounds the calorimeters.

It is used for the identification and energy measurement of muons.
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Figure 2.5: A view of the ATLAS detector with all its subdetectors.

2.3.1 Magnet system

A superconducting magnet system provides the magnetic field in which the inner detector

is immersed. The magnet system [45] is composed by a central solenoid, a barrel toroid

and two end-caps toroids Figure 2.6):

• Solenoid: the central solenoid magnet is located between the inner detector and the

calorimeters and provides a 2 T axial magnetic field, generated by an 8 kA electric

current, to the inner detector. It is a superconducting coil with 2.3 m diameter and

5.3 m length. The thickness is 5 cm corresponding to 0.66 radiation lenghts. In

order to optimize the material budget the solenoid is placed inside the calorimeter

cryostat and cooled down to a temperature of 4.5 K.

• Toroids: the magnetic field needed for the muon spectrometer is provided by a

barrel toroid and two end-cap toroids, each of them consisting of 8 coils. The barrel

has an inner diameter of 9.4 m, an outer diameter of 20.1 m and it is 25.3 m long

while the end-cap have an axial length of 5 m and an outer diameter of 10.7 m.

These magnets are located outside the calorimeters. The endcap toroids generate a

magnetic field near the beam axis in order to deflect the particles with small polar

angles and therefore together with the barrel they provide an almost full coverage

of the solid angle.

2.3.2 The Inner Detector

The Inner Detector (ID) [46, 47] shown in Figure 2.7 is the innermost ATLAS subdetector.

Its aim is to reconstruct tracks, vertices and measure the charged particles momentum. It
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Figure 2.6: View of the ATLAS magnet system.

is designed to provide a robust pattern recognition, excellent momentum resolution and

both primary and secondary vertex reconstruction capabilty. It has a cylindrical shape

with a diameter of 2.1 m and a length of 6.2 m.

The ID is composed by a barrel and two end-caps with a coverage of |η| ≤ 2.5. Due to

its proximity to the interaction point, radiation hardness is a crucial requirement for all

the components. In addition due to the high number of tracks per event, high granularity

detectors are needed in order to reach high precision track parameter measurements and

vertex reconstruction.

Figure 2.7: Cut-away view of the ATLAS Inner Detector.

The ID is made of three further subdetectors which exploit different technologies. The
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structure is therefore the following (Figure 2.7):

• the Pixel detector [48] is the closest to the beam pipe. It consists of silicon sensors

arranged in four cylindrical layers in the barrel region and three disks for each end-

cap. The first cylindrical layer, placed at 33 mm from the interaction point, is called

Insertable B-Layer (IBL) [49] and was installed during the first long shutdown after

LHC Run 1, between a new smaller beam pipe and the original first layer of the

Pixel detector. The IBL pixel dimensions are 50 × 250 µm2. The other layers are

located at radial distance of 50.5, 88.5, 122.5 mm respectively from the beam pipe,

while the end-cap disks are placed at ±49.5, ±58 and ±65 mm along the z-axis

respectively. They have pixel dimensions of 50× 400 µm2.

The Pixel detector is the one with the highest granularity and spatial resolution.

These features allows an accurate vertex reconstruction and track impact parameter

measurements, being very important in particular for identifying b-quark jets and

tau leptons. The pixels have an intrinsic hit position resolution better than 12 µm

in the transverse plane φ direction and 72 µm for IBL and 115 µm for the other

layers along the η direction. The IBL was installed in order to have better track

and vertex reconstruction performance at the luminosities expected during Run 2

and to mitigate the effect of radiation damage to the innermost layer of the Pixel

detector. This can be seen in Figure 2.8 where the differences between Run 1 and

Run 2 for the impact parameter resolution are shown.

(a) (b)

Figure 2.8: Transverse impact parameter (a) and longitudinal impact parameter (b)

resolution as a function of the transverse momentum, pT, with data taken in 2012 at√
s = 8 TeV and in 2015 at

√
s = 13 TeV after the IBL insertion [50].

• the Semi-conductor Tracker (SCT) [51, 52] completes the high precision tracking

of the Pixel detector. It is a silicon microstrip detector composed by four cylindri-

cal layers outside the Pixel detector in the barrel region and nine disks for each

end-cap. Each layer of the barrel is made up by two sensors mounted back to back

with a 40 mrad stereo angle, in order to provide measurements of the two coordi-
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Figure 2.9: Material distribution (X0, λ) at the exit of the ID envelope, including the ser-

vices and thermal enclosures. The distribution is shown as a function of |η| and averaged

over φ.

nates. They are located at radial distances of 299, 371, 443 and 514 mm from the

interaction point and provide 4 additional space points for each track. The intrinsic

hit resolution is 17 µm in the transverse plane (R − φ) and 580 µm along the z

direction.

• the Transition Radiation Tracker (TRT) [53, 54] is the outermost part of the

Inner Detector. It is composed of 4 mm straw-tubes filled with a 30 µm diameter

gold-plated tungsten wire and filled with Xenon and Argon mixture. The space

between the straws are filled with polymer fibres (barrel) and foils (endcaps) to

create transition radiation. There are 50000 straws in the barrel and 250000 for

each end-cap disposed radially in wheels. The TRT is located from 0.55 m to 1.08

m from the interaction point. It provides 36 additional points per track with an

intrinsic resolution of 130 µm in the transverse plane(R−φ). The TRT provides then

additional hits for track reconstruction and momentum measurement but it is also

important for electron identification. Indeed the transition radiation is emitted when

a highly relativistic particle passes across the boundaries of materials with different

dielectric constants. Transition radiation photons are absorbed by the Xenon and

Argon atoms depositing additional energy in the gas and leading to higher readout

signals. This feature allows to strongly discriminate between electrons and pions in

the range 1-200 GeV.

The overall ID momentum resolution is:

σpT
pT

= 0.05% · pT (GeV)⊕ 1% (2.8)

In order to achieve high granularity and include readout and cooling system, the

amount of ID material is quite sizeable and it can be seen in Figure 2.9 where it is shown

in terms of radiation length X0 and nuclear interaction lenght λ. Therefore the photons

may convert into electron-positron pairs and electrons can loose part of their energy due

to bremsstrahlung emissions before reaching the calorimeters.
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Figure 2.10: Structure of the ATLAS Calorimeters.

2.3.3 Calorimeters

The ATLAS calorimetric system, shown in Figure 2.10, is located after the ID and consists

of three calorimeters: the Electromagnetic Calorimeter (EM) that covers the pseudora-

pidity region |η| < 3.2, the Hadronic Calorimeter (Had) that covers the region |η| < 3.9

and the Forward Calorimeter (FCal) that covers the region 3.1 < |η| < 4.9. The main

purpose of the calorimeters is to measure energy and direction of electrons, photons and

hadrons and in addition to give a fundamental contribution ot the measurement of miss-

ing transverse energy.

A brief description of the three calorimeters is given in the following:

• The Electromagnetic Calorimeter (EM) [55] is 6.65 m long with an outer radius

of 2.25 m. It is made up of a central barrel region which covers |η| < 1.4 and two

end-caps which cover 1.4 < |η| < 3.2. The EM is a sampling calorimeter which uses

lead as aborber and Liquid Argon (LAr) as sensitive medium. The 2 mm layers

of LAr are interleaved with copper electrodes, which collect the ionization charge

generated by the electromagnetic shower, and with lead plates with a thickness of

1.5 mm (for |η| < 0.8 mm) or 1.13 mm (for |η| > 0.8 mm). Electrodes and ab-
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Figure 2.11: The ATLAS electromagnetic calorimeter accordion structure and segmenta-

tion.

sorbers are bent with an accordion geometry in order to provide a full coverage in φ

without cracks due to the outgoing readout system. In order to contain completely

the electromagnetic shower the EM calorimeter depth is about 25 radiation lenghts

(X0), approximately constant over η.

The EM calorimeter is composed of 3 longitudinal layers in the 0 < |η| < 2.5 re-

gion and two in the higher η region, namely 2.5 < |η| < 3.2. An additional layer

(called presampler) is located in front of the EM calorimeter covering the region up

to |η| < 1.8. It is useful for measuring the energy deposits of the electromagnetic

showers which start before reaching the calorimeter. The segmentation of the EM

calorimeter is shown if Figure 2.11.

The EM energy resolution is:

σ

E
≈ 10%÷ 17%√

E
⊕ 0.7% (2.9)

where E is expressed in GeV and the stochastic terms depens on η, the noise term

is instead negligible.

• The Hadronic Calorimeter (Had) [56] is 6.10 meters long with an outer radius of

4.25 and covers the pseudorapidity region |η| < 3.9. In the barrel region (|η| < 1.7)

a sampling calorimeter (called TileCal), with scintillating tiles and iron absorbers

as active and passive medium respectively, is used. Figure 2.12 illustrates the com-

ponents in a module of the tile calorimeter.
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Figure 2.12: Illustration of the components in a module of the Tile Calorimeter.

In the end-cap region of the hadronic calorimeter (called HEC), Liquid Argon is used

instead as active medium while copper and tungsten plates are used as absorber and

it is placed in a separate cryostat together with the forward calorimeters.

The thickness of the hadronic calorimeter is 11 nuclear interaction length (λ) for

η = 0. The energy resolution for hadronic jets, combined with electromagnetic

calorimeter, is:

σ

E
≈ 50%√

E
⊕ 3% (2.10)

• The Forward Calorimeter (FCal) [57] is located at 4.7 m from the interaction

point and covers the pseudorapidity region 3.1 < |η| < 4.9. It provides measure-

ments of both electromagnetic and hadronic showers in the forward region, therefore

it is composed by three layers: an electromagnetic calorimeter and two hadronic

calorimeters. LAr is used as active medium for all of them while copper is used as

passive medium for the electromagnetic calorimeters and tungsten for the hadronic

ones. The energy resolution is:

σ

E
≈ 100%√

E
⊕ 10% (2.11)
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Figure 2.13: Layout of the ATLAS Muon Spectrometer.

2.3.4 The Muon Spectrometer

The Muon Spectrometer (MS) [58] is the outermost part of the ATLAS detector and

surrounds the calorimeters. Generally all the particles produced in the collisions are

absorbed by the calorimeters except muons (and neutrinos) which reach the MS. For

this reason the purpose of the MS is to provide high precision measurement of the muon

momentum, track reconstruction and trigger, using the magnetic field generated by toroid

magnets. The MS is composed by a central barrel with three layers located at 5, 8 and

10 m respectively from the interaction point and four wheels for each end-cap at 7, 11, 15

and 22 m from the interaction point. It covers the pseudorapidity region |η| < 2.7. The

structure of the MS is shown in Figure 2.13 and described in the following:

• Monitored Drift Tube (MDT) chambers are located in the barrel region and allow

to precisely measure the muon momentum in the region |η| < 2.7. Each MDT

chamber is made up by 3-8 layers of drift tubes with 30 mm radius and filled with a

Ar/CO2 mixture of gases. They have an average resolution of 35 µm per chamber.

• Cathode-strip chambers (CSC) are multi-wire proportional chambers, used for the

muon momentum measurement in the forward region (2 < |η| < 2.7). CSCs are

able to provide measurements of both coordinates and high timing resolution. The

intrinsic resolution is of 60 µm in the bending plane and 4 mm in the transverse

plane.

• Resistive Plate Chambers (RPC) in the barrel region (|η| < 1.05) and Thin Gap

Chambers (TGC) in the end-caps (1.05 < |η| < 2.4) are used to provide fast muon

trigger. The intrinsic time resolution is 1.5 ns for RPC and 4 ns for TGC.
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Figure 2.14: The ATLAS trigger and data acquisition system [61].

The overall transverse momentum resolution for the muon spectrometer is:

σ

pT
≈ 0.29GeV

pT
⊕ 0.043⊕ 4.1× 10−4GeV−1 × pT (2.12)

2.3.5 Trigger system

The LHC operates at very high rate: the proton bunches are spaced by 25 ns, which

corresponds to 40 MHz frequency. The maximum rate that can be stored for offline

data-analysis is about 1 kHz. For this reason ATLAS must have a very efficient trigger

system [59, 60, 61] which should establish if the signal has the required characteristics in

a very short time. In order to achieve such a reduction the trigger consists of two separate

steps (Figure 2.14 shows a scheme of the trigger and data acquisition system):

• The Level 1 Trigger (L1) is an hardware-based trigger. The decision is formed

by the Central Trigger Processor (CTP) using inputs coming from the calorimeters

and the muon spectrometer. It searches for objects with high transverse momentum

and also large missing energy and large total transverse energy. For each event, the

L1 trigger selects some regions of physical interest called Regions Of Interest (ROI).

The L1 decision is characterized by a latency of less than 2.5 µs and it reduces the

event rate to about 100 KHz.

• The High-Level Trigger (HLT) is a software-based trigger. The events accepted

by L1 are processed by the HLT, using all the information available within the ROIs,
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exploiting the full detector granularity and trigger algorithms. The HLT reduces

the output rate to about 1 KHz with a processing time of 4 s. The accepted events

are then transferred as RAW data to local storage at the ATLAS site and then to

the Tier-0 facility at CERN.



Chapter 3

Data and Monte Carlo samples

This Chapter will briefly describe how the data and Monte Carlo samples are produced

in ATLAS. The specific samples used will be specified from time to time, this Chapter is

just intended to give a general overview.

3.1 Data preparation

The data have to pass through some steps before being used by physics analyses. After the

trigger selection mentioned in Chapter 2 the data are assigned to different streams that

can be grouped in three main categories: physics, express and calibration [62]. Physics

stream contains the dataset to be used for physics analyses, the express stream is a

reduced set of the physics stream used mainly for data quality checks and the calibration

stream contains data taken between colliding bunches used for calibration purposes. Data

are then stored at the Tier-0 facility at CERN and pass through the Prompt Calibration

Loop (PCL) [63], which is summarized in Figure 3.1.

The first step is the online monitoring from the ATLAS control room. A fraction of

events from the express stream is reconstructed in order to produce monitoring histograms

available within minutes and a dedicated DQ shifter checks regurarly these histograms,

providing fast feedback and minimizing the data losses. The second step is done using

the express stream and in particular the CosmicCalo stream (which contains events trig-

gered by a cosmic ray signature in the calorimeter in empty bunches). These streams are

sufficient to provide a broad coverage for potential problems. If some issues are found the

data preparation team can be early warned and perform further investigations. The last

step concerns the data calibration. Many calibrations are performed in order to maximise

the detector and physics performance.

Data quality assesment is performed at several levels during these steps and relies on a

dedicated data quality monitoring infrastucture. Shifters and experts look at the his-

tograms and summarise the results in a dedicated database. Data passing all the data

quality assessments enter in the Good Run List (GRL) that indicates the subset of data

suitable for physics analyses and it is directly used by analysers to exclude data that do

not pass the data quality criteria. Only the events that enter in the GRL are considered

in the computation of integrated luminosity. Figure 3.2 reports the cumulative luminos-

ity for the Run 2 delivered by the LHC, recorded by ATLAS and passing the quality

requirements in order to be used by physics analyses.

39
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Figure 3.1: The workfklows of the ATLAS data preparation prompt calibration loop [63].

Figure 3.2: Cumulative luminosity as a function of time delivered by the LHC (green),

recorded by ATLAS (yellow) and certified to be good quality data (blue) for the Run 2

data-taking (2015-2018) [44].
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Figure 3.3: Fraction of integrated luminosity, passing all the data quality requirements,

for each subystem for the period April 25 - October 24 2018. It corresponds to a integrated

recorded luminosity of 61.7 fb-1 [64].

As an example Figure 3.3 also shows the data quality efficiencies in the various sub-

systems during 2018.

3.2 Data format and software framework

The whole process of processing and reconstruction of data mentioned in Section 3.1 is

performed using a common and robust analysis framework called ATHENA [65]. This is

used by all the ATLAS groups also for simulations and physics analysis. It consists of

many packages written in C++ programming language and can be executed using Python

scripts.

Different data formats are handled by this framework and used in ATLAS:

• Raw data: contains directly the output of the ATLAS detector after the HLT

trigger. It comes in the bytestream format and the event size is about 1.6 MB.

• Event summary data (ESD): contains the output of the reconstruction process.

Both the detector information and reconstructed objects like electrons, muons and

jets are stored in these files. The approximate size is some MB per event.

• xAOD: it is a subset of ESD with the physical objects of analysis interest and

reduced detector information. The event size is around 300-500 KB.

• DxAOD: it contains a reduced set of informations derived from the xAOD. The

information is restricted to only objects and relative informations useful for a spe-

cific analysis or performance group. The derivations are also run centrally using

ATHENA.

• Ntuples: each analysis group produced then their own ntuples, starting from the

derivation.
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The huge amount of data recorded by ATLAS is used by data processing and analysis

activities in all around the world. In order to deal with this the Worldwide LHC Computer

Grid (WLCG) was developed. It is a global network of computer centers that provide the

resources to store, distribute and process the data generated by the LHC. This is realized

with 170 centers across 41 countries. These computers are arranged in Tiers: Tier-0 is

the CERN computing centre where the RAW data are stored while the Tier-1 and the

Tier-2 are located around the world, in particular the Tier-1 facilities are able to store

copy of the RAW data and to provide the processing capability and Tier-2 are mainly

used for performing calibration, simulation and analysis.

3.3 Monte Carlo generators and simulation

The proton-proton collisions happening at the LHC are very complex processes since

the proton are not elementary particles. Comparing the theory predictions with the

experimental data is essential and not straightforward. The link between theory and ex-

periments are the Monte Carlo generators which simulate the particle physics processes.

Having an accurate modelling of both expected signals and backgrounds is of paramount

importance for the LHC physics.

The Monte Carlo (MC) simulation goes through different steps, that are shown in Fig-

ure 3.4 (from the hard scattering to the hadronization) and can be summarized as follows:

• Hard scattering: the first step is the calculation of the hard scattering matrix el-

ement between two interacting partons. As discussed in Chapter 2 the main feature

of QCD is that the total cross section is given by the convolution of partonic cross

section and the parton distribution functions (PDFs). Thus these two ingredients

are needed for the matrix element calculation: the partonic cross section which

is calculated analitically and the PDFs. The partonic cross section is calculated

at fixed order prediction and thus the precision depends on the truncation of the

perturbative series expansion. The current precisions available are: Leading Order

(LO), Next-To-Leading order (NLO) and Next-Next-To-Leading Order (NNLO).

The PDFs are instead not determined by perturbative QCD but rather by fits to

experimental data. The theory is only able to predict their evolution. There are

currently different PDF sets available obtain by using different approaches, namely

different datasets and algorithms: NNPDF3.0 [67], MMHT2014 [19], CT14 [68].

• Parton Shower: partons are coloured objects, hence they can radiate gluons both

before (initial state radiation) or after (final state radiation) the hard interaction.

These gluons can, in turn, split further into quark-antiquark pairs and gluons and so

on and this radiation might result in additional jets in the final state. This additional

radiation is simulated by a parton shower algorithm. The parton shower treats

emissions starting from the hard interaction down to the hadronization scale where

the perturbative QCD breaks down (∼ 1 GeV). It is implemented as a markovian

process which step by step generates the particles with their kinematic variables.

The effect of this extra radiation should be unitary, thus should not change the

total cross section but it affects jet properties and multiplicities. Because of the
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Figure 3.4: Sketch of a hadron-hadron collision as simulated by a Monte Carlo event

generator. The red blob in the center represents the hard collision, surrounded by a

tree-like structure representing Bremsstrahlung as simulated by parton showers. The

purple blob indicates a secondary hard scattering event. Parton to hadron transitions are

represented by light green blobs, dark green blobs indicate hadron decays, while yellow

lines signal soft photon radiation [66].
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latter effect the parton shower must be carefully matched with the matrix element

calculation in order to do not double count the extra radiation.

• Underlying event: the partons of the interacting protons that do not participate

in the hard scattering can interact as well, producing secondary interactions with

low transfer momentum which define the underlying event. There are dedicated

algorithms for estimating underlying events, usually embedded in the same software

as the parton shower.

• Pile-up: the events coming from other interacting protons from the same bunch

crossing have to be taken into account as well.

• Hadronization: the partons produced in the final state are then transformed into

colorless hadrons that can also further decay. We need a non-perturbative algorithm

in order to perform this step, called hadronization. The algorithms available are also

embedded in the parton shower program.

• Detector simulation: after the complete event is generated, we need to simulate

the interaction with the detector in order to compare the MC simulation to data.

The behaviour of the detector is simulated with the Geant4 software [69].

• Reconstruction: the final step is the application of the physics objects reconstruc-

tion algorithms as it is done for data, in order for the MC simulations to be totally

comparable with data.

All the steps described previously can be performed using different standalone MC

generators. However the whole workflow (for some generators) is also embedded in the

ATLAS ATHENA framework and the user can produce MC simulations using scripts

called JobOptions that set the specific required features.



Chapter 4

Physics objects reconstruction in ATLAS

The particles produced in the p-p collisions interact with the material of the ATLAS de-

tector, producing a signal that is acquired and stored. The information coming from the

various subdetectors is then combined in order to build physics objects like electrons, pho-

tons, muons, taus, jets and EmissT . This process, which allows to identify the particles and

measure their physics properties, is called object reconstruction. How the reconstruction

of all the physics objects in ATLAS is performed, is described in this Chapter.

4.1 Tracks reconstruction in the Inner Detector

In this section the track reconstruction in the ID will be illustrated as this is a common

procedure to all the physics objects reconstruction.

Tracks are reconstructed using various algorithms [70]. The main one is the inside-out

algorithm which searches for 3-hits seeds in the silicon detectors. The seeds are the start-

ing point for a combinatorial Kalman filter algorithm [71] which build tracks by adding

hits to the seed and moving away from the interaction point. Overlapping between track

candidates is resolved and the tracks are extended to the TRT.

Primary vertices are reconstructed using an iterative vertex finding algorithm. An itera-

tive χ2 fit is performed using vertex seeds and tracks closer to the seed. Tracks displaced

more than 7σ from the vertex seed are not considered as belonging to this vertex but used

to seed a new vertex. This procedure is repeated until no new vertex is found.

4.2 Electrons and photons

Electrons and photons interact with the EM calorimeter giving rise to energy deposits. In

addition, electrons are characterized by tracks in the inner detector while photons could

have an associated track (more specifically speaking, a secondary vertex with one or two

tracks) if they are converted photons, namely photons originated by an electron.

The reconstruction procedure is followed by an identification process where the candidates

are selected against background using additional information from tracks, track-to-cluster

matching and shape of the electromagnetic shower. Furthermore, electrons and photons

can be required to be isolated from other activity in the calorimeter.

The reconstruction, isolation and identification [72, 73, 74] will be described in the fol-

lowing.

45
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4.2.1 Electron reconstruction

The electron reconstruction consists of several steps. First a scan is performed using a

sliding window with a size corresponding to the granularity of the EM calorimeter middle

layer. Seed clusters with energy above 2.5 GeV are identified and then the clusters are

formed around the seeds using a cluster algorithm. The efficiency of the cluster recon-

struction depends on the energy. It is 95% at ET = 7 GeV and more than 99% above

ET = 15 GeV. The track reconstruction in the silicon detectors is then performed and

they are matched to the EM clusters using the distance in η and φ between the extrap-

olation of the track in the calorimeter and the cluster barycenter. Tracks associated to

electron clusters are refitted using the Gaussian Sum Filter algorithm [74]. The matching

procedure is then repeated for the refitted tracks and electron clusters are re-formed. The

energy of electron clusters is corrected to the original electron energy using multivariate

techniques based on Monte Carlo samples.

The four momentum of the electrons is at the end computed using informations from

both the energy clusters and the tracks where the energy is given by the deposit in the

calorimeter and the η and φ directions are taken from the track. In addition the electron

associated tracks are also required to be compatible with the primary vertex of the hard

collision in order to reduce the background from conversions or secondary particles.

4.2.2 Electron identification

In order to reject background objects like hadronic jets or converted photons, algorithms

for electron identification are applied. The identification algorithms use different quan-

tities in order to discriminate between a signal-like object or a background-like object.

These variables are related to the electron cluster and track measurements including

shower shapes information, information from the transition radiation tracker, track-cluster

matching related quantities and variables measuring bremsstrahlung effects. The identifi-

cation algorithm used during Run 2 is based on a likelihood method. It is a multivariate

technique where several properties of the electron candidates are evaluated at the same

time. The probability for an object to be signal-like or background-like is then calculated.

The optimization of the algorithm is performed using events from Monte Carlo simula-

tions of Z → ee, dijet and J/ψ → ee and three identification operating points can be

determined: Loose, Medium and Tight. These operating points are defined in order of

increasing background rejection and such as that the samples selected by them are sub-

sets of one another. The efficiency of the different operating points as a function of ET
is shown in Figure 4.1.

4.2.3 Electron isolation

Prompt electrons from electroweak processes are usually not accompanied by nearby par-

ticles. Therefore, in addition to the identification, an electron could be required to fulfill

isolation requirements, in order to further reject the background like electrons originating

from converted photons produced in hadron decays, electrons from heavy flavor hadron

decays and light hadrons misidentified as electrons. The isolation variables quantify the
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(a) (b)

Figure 4.1: Efficency to identify electrons from Z → ee events (a) and the efficiency to

identify hadrons as electrons, namely background rejection, using dijet events (b). The

identification efficiencies are shown for the three operating points: loose, medium and

tight [74].

energy of the particles around the electron candidate, in particular two variables are

defined:

• Calorimetric isolation energy Econe0.2T : defined as the sum of transverse energies

of topological clusters within a cone of ∆R = 0.2 around the candidate electron

cluster.

• Track isolation pvarcone0.2T : defined as the sum of transverse momenta of all tracks

within a cone of ∆R = min(0.2, 10 GeV/ET ) around the candidate electron track

and originating from the primary vertex of the hard collision.

Different selection requirements based on the quantities Econe0.2T /ET and pvarcone0.2T /ET
are defined in order to select isolated candidates. The resulting operating points are di-

vided in two classes: efficiency targeted operating points where varying requirements are

used in order to have a given isolation efficiency and fixed requirement operating points

where the upper tresholds on the isolation variables are constant. Fixed requirement op-

erating points are tipically used in physics analysis with low ET electrons and requiring

high background rejection whereas efficiency targeted operating points are prefered in

analysis with large ET electrons in order to maintain high signal efficiency.

4.2.4 Photon reconstruction

The reconstruction of photons follows several steps and proceed in parallel with the re-

construction of electrons, since they have very similar signature in the EM calorimeter.

First seed clusters are identified using a sliding window algorithm. The procedure is the

same as that of the electrons and the efficiency is greater than 99% for photons with

ET > 20 GeV. Once the clusters are reconstructed, inner detector tracks loosely matched
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with the clusters are identified, using the distance in η and φ between the extrapolated

track in the calorimeter and the cluster barycenter. They are then refitted using the

Gaussian Sum Filter algorithm and retained for the reconstruction of electrons and con-

verted photons.

Double track conversion vertex candidates are reconstructed from pairs of oppositely

charged tracks in the inner detector. For each track a likelihood-based algorithm deter-

mine whether the candidate is likely to be an electron. A fit is then performed to find

the conversion vertex. Conversion vertices are matched to the clusters as in the loose

track matching, therefore the coordinates of the extrapolated track is compared to the

coordinates of the cluster barycenter.

Finally the candidates are classified as electron, unconverted photon or converted photon

in the following way:

• Clusters with neither an associated track nor a converted vertex are considered

unconverted photons.

• EM clusters matched to a conversion vertex are classified as converted photon can-

didates. If this candidate has also been reconstructed as an electron, the electron

track is evaluated against the track originating from conversion vertex and in case

additional information like hits in the pixel detector is used to determine the nature

of the candidate.

• Converted photon candidates are recovered from reconstructed electron candidates

if the electron candidates has no hits in the silicon detectors and low transverse

momentum, pT < 2 GeV.

4.2.5 Photon identification

In order to discriminate between prompt photons and photons from hadron decays, photon

identification algorithms are applied. These algorithms are based on a set of discrimi-

nating quantities, related in particular to the shower shape in the EM calorimeter and

the lower leakage fraction in the hadronic calorimeter. Photons generally produce nar-

rower energy deposits in the EM calorimeter than background photons from jets and have

smaller leakage fraction in the hadronic calorimeter because of the absence of additional

hadrons.

A multivariate technique is employed in order to define two operating points: Loose and

Tight. The loose selection is based only on the shower shapes in the second layer of the

EM calorimeter and on the energy deposit in the hadronic calorimeter while the tight

working point adds information from the strip layer of the calorimeter. The efficiency

ranges from 97% at ET = 20 GeV to above 99% at ET > 40 GeV for the loose selection

for both converted and unconverted photons while it is 85% at ET = 40 GeV and above

90% at ET ∼ 1 TeV for the tight selection for both converted and unconverted photons.

4.2.6 Photon isolation

Photons are tipically required to pass isolation criteria. The requirement is to have a

low EisoT (EisoT < 4 GeV) where this quantity is calculated considering three dimensional
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topological clusters of calorimeter cells reconstructed in a cone of size ∆R = 0.4 around

the photon candidate. The photon transverse energy and the energy coming from pile-up

and underlying event are subtracted from the calculation of EisoT and a correction factor

is applied in order to take into account photon energy outside the cluster.

4.2.7 Electron and photon energy calibration

It is fundamental for many physics measurements to precisely know the electron and

photon energy. The energy calibration is based on both data and Monte Carlo simulations

and can be summarised as follows:

• Non-uniformity detector response: data are corrected for time-dependent defects in

the detector. These corrections concern high-voltage regions of the EM calorimeter

and different gains of the calorimeter cells readout.

• Monte Carlo based calibration: the optimization of the energy calibration is per-

formed using multivariate techniques on single particle Monte Carlo simulations.

The technique is based on a Boosted Decision Tree (BDT) with gradient boosting.

The EM clusters properties are calibrated to the original electron and photon energy

in the Monte Carlo samples. The calibration coefficients are calculated separately

for electrons, converted and unconverted photons.

• In-situ corrections: after the two corrections described above a disagreement be-

tween data and Monte Carlo can still be observed. Simulations of Z → ee events

are used for comparison between data and simulations. Energy scale correction fac-

tors are then applied to data and correction factors of the resolution are applied to

simulations.

4.3 Muons

Muons are able to reach the Muon Spectrometer, which is the outermost part of the AT-

LAS detector, therefore they are characterized by tracks both in the MS and in the ID,

and their reconstruction proceed separately in these two subdetectors. The information

from individual subdetectors is then combined to form the muon tracks. The reconstruc-

tion in the ID is performed as described in Section 4.1 while in this Section the focus will

be on the reconstruction in the MS and the combined muon reconstruction [75].

4.3.1 Reconstruction

Muons reconstruction in the MS proceed with the searching for hit patterns inside each

muon chamber in order to form segments. In the MDT chambers a search for hits aligned

on a trajectory in the bending plane of the detector is performed and the segments are

reconstructed by using a fit to the hits found in each layer. The RPC or TGC hits

measure the coordinate orthogonal to the bending plane and segments in the CSC are

reconstructed using a separate search in the η and φ coordinate. Muon track are then

built by fitting together hits from segments in different layers.
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The muon tracks built in the MS are then combined with the ID tracks and this com-

bined reconstruction is performed using various algorithms according to the information

provided by the ID, MS and also the calorimeters. Four muon types can be then defined

as follows:

• Combined (CB) muons: tracks are built independently in the ID and in the MS and

then a combined track is constructed performing a fit that uses hits from both the

ID and the MS. Most muons are first reconstructed in the MS and then extrapolated

inward and matched to an ID track.

• Segment-tagged (ST) muons: a reconstructed track in the ID is extrapolated to the

MS and then associated with at least one local track segment in the MDT or CSC

chambers. This kind of muons are only defined when they cross only one layer of

the MS chambers.

• Calorimeter-tagged (CT) muons: a track in the ID can be identified as a muon if

it is matched to an energy deposit in the calorimeter compatible with a minimum

ionizing particle. This type has the lowest purity but it helps to recover acceptance

in the region where the MS is only partially instrumented to allow for cabling and

services to the calorimeters and the ID.

• Extrapolated (ME) muons: the muon trajectory is reconstruced based only on the

MS track and a loose requirement on compatibility with originating from the inter-

action point. This allows to reconstruct muons in an acceptance region not covered

by the ID (2.5 < |η| < 2.7).

The overlap between different muon types is resolved before producing the muon

collection used by physics analysis. If two muons have the same ID track, preference is

given to CB muons, then to ST and finally to CT muons. The overlap with ME muons

is instead resolved selecting the track with better fit quality and larger number of hits.

4.3.2 Identification

In order to select muons against background, which is mainly made up by muons from pion

and kaon decays, further quality requirements are applied. Background muons originating

from in-flight decays of charghed hadrons are usually characterzed by a ”kink” topology

in their reconstructed track, therefore the fit quality of the resulted track is poor and the

momentum measurements in the ID and in the MS may not be compatible. In order to

discriminate between prompt muons and background muons, the following variables are

used:

• q/p significance: it is the absolute value of the difference between the ratio of the

charge and momentum of the muons measured in the ID and in the MS divided by

the sum in quadrature of the corresponding uncertainties.

• ρ′: it is the absolute value of the difference between momentum measurements in

the ID and in the MS divided by the pT of the combined track.
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4 < pT < 20 GeV 20 < pT < 100 GeV

Selection ε (prompt-muons) [%] ε (misidentification) [%] ε (prompt-muons) [%] ε (misidentification) [%]

Loose 96.7 0.53 98.1 0.76

Medium 95.5 0.38 96.1 0.17

Tight 89.9 0.19 91.8 0.11

High-pT 78.1 0.26 80.4 0.13

Table 4.1: Efficiency for prompt muons and misidentification rate for hadrons for the four

different identification working points in the low pT range (4 < pT < 20 GeV) and high pT

range (20 < pT < 100 GeV). The results are obtained using tt̄ Monte Carlo samples [75].

• χ2 of the combined track fit.

Furthermore specific requirements on the number of hits in the ID and in the MS are

used.

Four identification selections are then provided as follows (where the Loose, Medium and

Tight working points are defined in an inclusive way):

• Loose: this selection maximises the reconstruction efficiency and it is optimized for

reconstructing Higgs boson candidates in the four lepton final state. All the muon

types are used in this case.

• Medium: this is the default selection for muons in ATLAS and minimizes the sys-

tematic uncertainties. Only CB and ME muons tracks, which satisfies certain hits

requirements and have the q/p significance less than seven, are used.

• Tight : this selection maximises the purity to the detriment of efficiency. Only CB

muons satisfying the Medium selection criteria are used. Additional requirements

on hits, χ2 of the combined track fit, on ρ′ and q/p significance are applied.

• High-pT muons: this selection maximises the momentum resolution for tracks with

transverse momentum above 100 GeV. This is optimized for searches for high-mass

Z ′ and W ′ resonances.

The reconstruction efficiencies for the selections mentioned above are computed using

tt̄ simulation and reported in Table 4.1.

4.3.3 Isolation

In addition to the identification criteria a muon can be required to be isolated. This is

mostly the case for muons produced from the decay of heavy particles such as W , Z and

Higgs boson whereas muons from semileptonic decays are usually embedded in jets.

Two variables are used in order to quantify the detector activity around the muon can-

didate and asses muon isolation:

• Track isolation, pvarcone30
T : defined as the scalar sum of the transverse momenta of

the tracks with pT > 1 GeV in a cone of size ∆R = min(10 GeV/pµT , 0.3) around

the muon candidate, excluding the muon track itself.
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• Calorimeter isolation, Etopocone20
T : defined as the sum of the transverse energy of

topological clusters in a cone of size ∆R = 0.2 around the muon candidate, excluding

the muon itself.

Isolation criteria are then defined using the quantities pvarcone30
T /pT and Etopocone20

T /ET
and different operating points are provided.

4.3.4 Calibration

As for electrons and photons, it is important to have a precise knowledge of muon mo-

mentum, therefore the muon momentum scale and resolution are studied using J/ψ → µµ

and Z → µµ events. Scale factors are computed in order to correct the muon transverse

momenta reconstructed both in the ID and in the MS. They are derived with a method

which compares Monte Carlo simulations of J/ψ → µµ and Z → µµ events and data in

order to reconstuct J/ψ and Z mass peaks.

4.4 Jets

Due to QCD properties, partons coming from p-p collisions cannot be observed in nature

but only colorless particles such as hadrons can. As described in Chapter 1, partons

undergo through the processes of fragmentation and hadronization, hence what is possible

to observe in the final state are bunches of collimated hadrons, called jets.

Jets reconstruction is crucial for many physics analysis since jets are a distinctive signature

of hard interactions between partons, occuring in many processes. Jets reconstruction and

calibration [76, 77] will be described in the following sections.

4.4.1 Reconstruction

Jets are reconstructed using the anti-kT algorithm [78], which runs over topological energy

clusters found inside the calorimeters. For each pair of clusters i and j, the following

quantities are calculated:

di,j = min

(
1

p2
Ti

,
1

p2
Tj

)
∆R2

i,j

R2

di,B =
1

p2
T i

(4.1)

The di,j variable represents the distance between object i and object j, while di,B is

the distance between the object and the beam. The variable R is the radius parameter,

which in case of the ATLAS reconstruction, is usually sets to 0.4. The clustering proceeds

identifying the smallest distance between di,j and di,B and if it turns out to be di,j , the

object i and j are merged into the same cluster, while if it is di,B the cluster is declared to

be a jet and removed from the objects over which the algorithm is running. The procedure

is then iterated until there is no object left.
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4.4.2 Calibration

After the reconstruction, a calibration procedure is performed in order to restore the jet

energy scale to that of truth jets reconstructed at the particle-level energy scale. These

jets, used as reference, are built in simulation using anti-kT algorithm with R = 0.4

using stable final state particles. In addition they are required to have pT > 7 GeV and

|η| < 4.5.

The calibration proceeds through different steps and corrects the four-momentum by

scaling the jet pT, energy and mass. The various stages are summarised as follows:

• Origin corection: the momentum is recalculated in order to match with the posi-

tion of the primary vertex rather than the center of the detector, while keeping the

jet energy constant.

• Pile-up correction: the excess energy due to pile-up is removed. This is achieved

by using an area-based pT density subtraction algorithm and then a residual cor-

rection is derived using Monte Carlo simulations.

• Absolute Monte Carlo based calibration: the reconstructed jet four-momentum

is corrected using the absolute jet energy scale and η calibration, derived from dijets

Monte Carlo simulations using reconstructed truth jets after the application of the

origin and pile-up corrections.

• Global sequential calibration: the calorimeter response and the jet reconstruc-

tion are sensitive to fluctuations in the jet particle composition and the distribution

of energy within the jet. For instance, the average particle composition and the

shower shape of a jet varies between a quark or a gluon initiated jet. Residual

corrections are derived using information from calorimeters and also from ID and

MS.

• Insitu calibration: data and Monte Carlo simulations can still present residual

differences due to inaccuracy in the different steps of Monte Carlo simulations,

namely simulation of the hard scatter, parton shower and underlying event, pile-up,

interaction with the detector as well as detector response and detector material. Dif-

ferences are quantified using as reference other well-measured object and balancing

the jet pT consequently. The corrections derived are then applied to data.

4.4.3 Jet vertex fraction and jet vertex tagging

In order to further reduce backgrounds jets arising from pile-up events, techniques based

on the association of a vertex to a jet, are employed [79]. The jet vertex fraction (JVT)

is the variable used to identify the primary vertex (PV) from which the jet originated.

JVF is defined as the ratio of the scalar sum of pT of tracks that originated from a given

primary vertex to the scalar sum of pT of all tracks in the jet, independently of their

origin:

JVF(jeti,PVj) =

∑
m pT (trackjeti

m ,PVj)∑
n

∑
l pT (track

jeti
l ,PVn)

(4.2)
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where m runs over all tracks originating from PVj matched to jeti, n over all primary

vertices in the event and l over all tracks originating from PVn matched to jetj . Applying

a lower limit on JVF helps to remove jets which are not associated to the hard-scatter

primary vertex, therefore to suppress backgrounds from pile-up jets. However this se-

lection depends strongly on the number of primary vertices in the event. To avoid this

issue a multivariate combination of the JVF variable and the number of primary vertices

(NPV ) is used. The resulting discriminating variable, called Jet Vertex Tagger (JVT),

is employed instead of the JVF and a lower limit on that is imposed for pile-up jets

suppression.

4.4.4 B-tagging

Jets originated by a b quark can be identified due to the relatively long lifetime of hadrons

containing this particle, which is ∼ 1.3×10−12 s (cτ ∼ 500 µm). This leads to a significant

mean flight path length with at least one displaced secondary vertex. B-tagging algorithms

exploit such features in order to discriminate b-jets from c-jets and light flavor jets.

The algorithm used in ATLAS is called MV2c10 [80] and it is based on a BDT which

uses the following input variables: informations on the transverse and longitudinal impact

parameter, the presence of a secondary vertex and its properties, jets momentum and

pseudorapidity and informations on possible heavy hadrons decay chains within the jet.

The BDT is performed using simulated tt̄ events and different working points are then

defined.

4.5 Tau

Tau lepton has a mass of 1.777 GeV and has a very short mean lifetime, 2.9 × 10−13 s,

corresponding to a decay length of 87 µm, thus it is not visible in the detector but

accessible only through the measurement of its decay products. The τ can either decay

leptonically (τ → lνlντ , l = e, µ) with a branching ratio of ∼ 35% or hadronically (τ →
hadrons ντ , labelled as τhad) with a branching ratio of ∼ 65%. Hadronic tau decay

products can contain one charged hadron or three charged hadron, therefore they can

be further split into two categories called 1-prong and 3-prong. The hadrons constitute

the only visible part of tau decay products, for this reason they will be referred to as

τhad−vis.

Leptonic tau decays will not be discussed in this section since they are reconstructed

as electrons and muons, already described in Section 4.2 and Section 4.3 respectively.

The reconstruction and identification procedures of hadronically decaying τ [81, 82] will

instead be described in the following as this is also relevant for this thesis work, that will

be illustrated in details in Chapter 5 and Chapter 6.

4.5.1 Reconstruction

Tau candidates are reconstructed starting from jets built using the procedure described

in Section 4.4, namely using an anti-kt algorithm with radius parameter R = 0.4. In

addition they are required to have pT > 10 GeV and be within the ID acceptance, i.e.
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|η| < 2.5. Tau candidates in the transition region between the barrel and the end-cap are

vetoed.

A primary vertex is then associated to the tau candidate through the tau vertex (TV)

algorithm. The TV algorithm uses as input all tau candidates tracks in the region ∆R <

0.2 around the jet seed. The pT of all the tracks is then summed and the primary vertex

with the largest fraction of pT sum is chosen as TV. Tracks are associated to two different

region according to their distance from the tau candidate: a core region (0 < ∆R < 0.2)

and an isolation region (0.2 < ∆R < 0.4). The direction of the tau candidate is calculated

using the vectorial sum of the clusters within ∆R < 0.2 of the jet barycenter and using

the TV as origin.

The geometrical overlap with other objects within ∆R < 0.2 is also resolved by selecting

only one object with the following priorities: muons, electrons, τhad−vis and jets.

4.5.2 Identification

The main background to hadronic tau lepton decays arises from jets quark or gluon initi-

ated. In order to reject this background and correctly identifying hadronic taus, further

requirements are applied. In particular the identification is based on multivariate tech-

niques which exploit BDT algorithms. Two separate BDTs are trained for tau candidates

associated with one track or with three tracks using simulated Z/γ∗ → ττ events for

signal and dijets events for background. Three working points, called Loose, Medium and

Tight, are identified, targeting efficiencies of 0.6, 0.55 and 0.45 respectively for the 1-track

case and 0.5, 0.4 and 0.3 respectively for the 3-track case. The efficiencies are designed

to be independent of pT. Discriminating variables, based on the narrow shower in the

calorimeter, the number of tracks and the displaced tau vertex, are used to distinguish

the τhad−vis candidates from jets. The complete list of BDT input variables together with

their meaning is the following:

• Central energy fraction, fcent: fraction of the calorimeter transverse energy de-

posited in the region ∆R < 0.1 with respect to all energy deposited in the region,

∆R < 02 around the τhad−vis candidate.

• Leading track momentum fraction f−1
leadtrack: sum of transverse energy of all clusters

in the core region of the τhad−vis candidate divided by the transverse momentum

of the highest-pT charged partice in the core region.

• Track radius, R0.2
track: ∆R distance of the associated tracks to the τhad−vis candidate

direction, using only tracks in the core region.

• Leading track IP significance, |Sleadtrack|: absolute value of transverse impact pa-

rameter of the highest-pT track in the core region divided by its uncertainty.

• Fraction of tracks pT in the isolation region: scalar sum of the pT of tracks associated

with the τhad−vis candidate in the isolation region divided by the sum of all tracks

associated with the τhad−vis candidate.

• ∆Rmax: maximum ∆R between a track associated with the τhad−vis candidate and

the τhad−vis candidate itself.
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• Transverse flight path significance, SflightT : decay length of the secondary vertex in

the transverse plane divided by its uncertainty.

• mtrack: invariant mass calculated from the four-momentum of all tracks in the core

and isolation regions, assuming a pion mass for each track.

• Fraction of EM energy from charged pions, f track−HADEM : fraction of the electromag-

netic energy of tracks associated with the τhad−vis candidate in the core region.

Figure 4.2 shows the performance of the tau identification algorithm for both 1-prong

and 3-prong decays. The efficiency for misidentifying QCD jets is displayed versus the

identification efficiency for τhad−vis.

Figure 4.2: Inverse background efficiency is shown as a function of signal efficiency. The

two lines refer to 1-prong and 3-prong decays and for each line the loose, medium and

tight working points are shown. The working points do not lie exactly on the line because

they are optimized to have a reduced pT dependency on the efficiency [81].

Furthermore the working points are optimized to be pT independent. Figure 4.3 shows

the residual pT dependecies for the signal efficiency both for the 1-prong and 3-prong case.

4.5.3 Energy calibration

In order to account for differences between the tau energy measured in the detector and the

average value of the energy carried by the tau decay products obtained with simulations,

a calibration of the tau energy is applied. In Run 2 two calibrations were available: the

baseline calibration and a calibration based on a Boosted Regression Tree (BRT) method.
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(a) (b)

Figure 4.3: Efficiency for τhad−vis identification (open symbols) and combined reconstruc-

tion and identification efficiency (full symbols) as a function of the pT for the 1-prong (a)

and 3-prong (b) τhad−vis candidates [81].

The baseline correction is calculated as:

Ecalib =
ELC − Epileup

R(ELC − Epileup, |η|, np)
(4.3)

The ELC is the first calibration applied, where the tau energy is calibrated to the

local hadronic calorimeter (LC) scale which mostly corrects for the calorimeter non-

compensation and for the energy deposited in dead material. Epileup refers to the pile-up

offset correction, which is subtracted. Finally at the denominator there is the detector

response calibration R, that is computed separately for 1-prong and 3-prong decays (np)

and for various |η| bins.

The resulted energy resolution is excellent at high pT but it degrades at low pT, therefore

a new method, called Tau Particle Flow (TPF), has been developed by ATLAS. This new

technique is able to improve the tau energy resolution at low pT thanks to the superior

measurement of the charged pion momentum from the tracking system. Furthermore this

method is able to reconstruct the individual charged and neutral hadrons in the tau decay.

A new energy calibration has been therefore introduced which combines the information

from the baseline and the TPF calibrations together with additional calorimeter and

tracking informations, using a multivariate analysis based on a BRT method. The BRT

is trained using simulated Z/γ∗ → ττ events with the following list of input variables:

• nPV : number of primary vertices in the event.

• µ: average interaction per bunch crossing.

• Cluster shower depth, λcentre: distance of the cluster shower centre from the calorime-

ter front face measured along the shower axis.

• Cluster second moment in λ,
〈
λ2
〉
: second moment of the distance of a cell from

the shower centre along the shower axis.
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• Cluster first moment in energy density, 〈ρ〉: cluster first moment in energy density

ρ = E/V where E and V are the energy and the volume of the cluster respectively.

• Cluster presampler fraction, fpresampler: fraction of cluster energy deposited in the

barrel and endcap presamplers.

• Cluster EM-like probability, PEM : probability of the cluster to be electromagnetic-

like.

• ntrack: number of tracks associated with the τhad−vis candidate.

• nπ0 : number of reconstructed π0 associated with the τhad−vis candidate.

• Relative difference of pion energies, γπ: relative difference of the total charged pion

energy and the total neutral pion energy.

• ηcalo: calorimeter-based pseudorapidity.

• pinterpT : transverse momentum interpolated from calorimetric corrections to energy

measurement and TPF reconstruction.

• pLCT /pinterpT : ratio of the local hadron calibration transverse momentum to pinterpT .

• pTPFT /pinterpT : ratio of the TPF reconstruction transverse momentum to pinterpT .

The use of the BRT improves significantly the τhad−vis energy resolution, in particular

for low pT, as shown in Figure 4.4.

Figure 4.4: The resolution of the baseline and the BRT τhad−vis energy calibration as a

function of pT. The resolution is defined as half of the 68% central intervals of the ratio

of the calibrated pT to the true pT [82].
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4.6 Missing transverse momentum

In a hadron collider the conservation of momentum in the plane transverse to the beam

axis implies that the sum of transverse momenta of the final state particles is zero. An

imbalance may indicate the presence of neutral, weakly interacting and stable particles,

which are not detectable. The only particle with those features in the SM is the neutrino.

Indeed missing transverse momentum is crucial for analysis involving neutrinos in the

final state but also for many searches of Beyond the Standard Model physics, where

exotic particles with the same behaviour are predicted. In addition, fake EmissT can

arise from interacting SM particles that escape the acceptance of the detector or fail to

be reconstructed. Reconstruction of missing transverse energy [83] is described in the

following.

4.6.1 Reconstruction

The EmissT vector is calculated using the components along the x and y axes:

Emissx(y) = Emiss,γx(y) + Emiss,ex(y) + Emiss,τx(y) + Emiss,jetsx(y) + Emiss,µx(y) + Emiss,softx(y) (4.4)

where each term is the negative vectorial sum of energy deposits and/or tracks. The

last term in Eq. 4.4 is the soft term where all the signals from the hard interaction

not associated to a physics object are taken into account, whereas all the other terms

are associated to fully reconstructed and calibrated physics objects and are collectively

referred to as hard term.

The various terms are obtained as follows:

• Emiss,γx(y) : photons fulfilling the tight requirement are selected. Furthermore they

must have pT > 25 GeV and |η| < 1.37 or 1.52 < |η| < 2.37.

• Emiss,ex(y) : electrons are selected using the medium working point. In addition they

must have pT > 10 GeV and |η| < 1.37 or 1.52 < |η| < 2.47.

• Emiss,τx(y) : it is given by the contribution of hadronically decaying τ . They are required

to pass the medium selection and must have pT > 20 GeV and |η| < 1.37 or

1.52 < |η| < 2.37.

• Emiss,jetsx(y) : it is obtained using calorimetric jets reconstructed with the anti-kt algo-

rithm with R = 0.4. They must have pT > 20 GeV and an additional requirement

on the jet vertex tagger variable, JV T > 0.64, is applied to jets with |η| < 2.47 and

pT < 50 GeV in order to remove pile-up jets.

• Emiss,softx(y) : as already mentioned, this term takes into account all the momentum

of all particles not associated with any physical object. It is estimated from tracks

with pT > 0.4 GeV and |η| < 2.5. The tracks must be matched with the primary

vertex in order to reduce contribution from pile-up jets.
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From the x and y components the vector ~EmissT , the magnitude EmissT and the az-

imuthal angle φmiss are calculated as follows:

~EmissT = (Emissx , Emissy )

EmissT =
√

(Emissx )2 + (Emissy )2

φmiss = arctan(Emissy /Emissx )

(4.5)



Chapter 5

Cross section measurement of the Higgs decaying into

a pair of tau leptons

This thesis work has been performed within the H → ττ cross section and CP violation

analysis where the former aims at measuring the cross section of the Higgs decaying in

two tau leptons and the latter measures the Higgs boson CP properties in the same decay

channel. The two analysis are closely related and they will be illustrated in this Chapter

and in Chapter 6 respectively.

5.1 Introduction

After the discovery of the Higgs boson in 2012 by the ATLAS and CMS experiments, the

studies have been focused on measuring its properties such as its coupling strengths and

spin and CP quantum numbers. As already described in Section 1.4.4, the measurements

performed during Run 1 of the LHC at a center of mass energy of
√
s = 7 and 8 TeV

have not shown any deviation from the SM predictions.

Among fermion couplings, only the ones to the third generation fermions are currently

accessible at the LHC. In particular both the coupling to bottom quarks [84] [85], through

the H → bb̄ decay channel, and the coupling to top quarks [86] [87], through the ttH

production mode, have been observed. They are both challenging since the former requires

high b-tagging efficiency and the latter has a small cross section. In this context, the

H → ττ decay channel is considerably important since it allows to direcly measure the

Higgs Yukawa coupling in the leptonic decay mode (limits have been set to the H → µµ

but there is not an evidence yet). A first measurement of the Higgs coupling to τ leptons

have been performed by ATLAS during Run 1 [88], using ∼ 25 fb-1 of data collected at

centre of mass energies of
√
s = 7 and 8 TeV. The measured signal strength, defined as

the measured cross section value over the SM expectation, was found to be µ = 1.43+0.43
−0.37,

therefore consistent with the predicted Yukawa coupling in the SM. The signal excess

over the expected background was found with an observed (expected) significance of 4.5

(3.4) standard deviations. In addition, the observation of H → ττ decay has already

been established by the ATLAS and CMS combined measurement using Run 1 data with

a significance of 5.5 standard deviations [6]. Nevertheless the H → ττ will benefit from

the higher Run 2 statistics in order to reach higher precision results and it has also good

potentiality for measuring the Higgs properties as it will be illustrated in Chapter 6.

61
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The analysis, presented in this Chapter [89], has been performed using the 2015 and

2016 data recorded by the ATLAS detector at the LHC, corresponding to an integrated

luminosity of 36 fb-1. The tau lepton, with his brief lifetime of τ = 2.9 × 10−13, is

not visible in the detector, and it is accessible only through its decay products. All

combinations of possible decay modes have been exploited in the analysis: both leptonic

(τ → lνν̄ with l = eµ) and hadronic (τ → hadrons ν). The three decay channels will

henceforth be referred to as τlepτlep, τlepτhad and τhadτhad. The overall analysis strategy is

the same across the various decay channels but the background composition is different,

therefore different selections and background estimations are performed according to the

specific decay channel.

5.2 Data and Monte Carlo samples

The data used in this analysis are taken from proton-proton collisions at
√
s = 13 TeV

during 2015 and 2016, corresponding to an integrated luminosity of 3.2 fb-1 in 2015 and

32.9 fb-1, for a total of 36.1 fb-1 integrated luminosity. Several triggers have been used

for recording data for the analyisis: single light lepton, two light leptons and two hadron-

ically decaying taus (more details in Section 5.5.1). Only the data which passed the data

quality requirements are used.

The signal and background processes have been simulated using different Monte Carlo

generators. For the signal, the main production processes of the Higgs at the LHC are

considered: ggF, VBF, V H associated production and tt̄H associated production. The

bb̄H and single top productions are found to be negligible. The Higgs decay to a pair of

W bosons is also considered as a background to this analysis and thus it is simulated in

the same way for these production processes. The Higgs mass is always assumed to be

125 GeV.

The ggF Higgs production is simulated at next-to-next-to-leading order (NNLO) accu-

racy in QCD using Powheg-Box v2 NNLOPS [90, 91, 92, 93, 94] generator with the

MiNLO [95] approach. The VBF and V H associated production are simulated at next-

to-leading-order (NLO) using Powheg-Box v2 as well, with the MiNLO approach. The

tt̄H production is simulated using Madgraph5 aMC@NLO v2.2.2 [96] at NLO accu-

racy in QCD. All the matrix element generators for these signal samples are interfaced

with the Pythia 8.212 [97] program used for simulation of parton shower, hadroniza-

tion and underlying event (UEPS). In order to estimate parton shower and underlying

event signal uncertainties, alternative samples interfaced with the Herwig 7.0.3 [98] pro-

gram have been produced as will be described with more details in Section 5.7.1. The

PDF4LHC15 [99] parametrization for the pdf set is used for these production processes.

In addition, the AZNLO [100] tune, developed by the ATLAS collaboration, is used with

the CTEQ6LI [101] pdf set for the simulation of non-perturbative effects. Only for the

tt̄H production process the NNPDF30LO [102] pdf parametrization is used in the matrix

element and the NNPDF23LO [103] pdf parametrization for the UEPS model. Photos

++ 3.52 [104] is used for QED emssions from electroweak vertices and charged leptons.

The ggF sample is normalized to the cross section prediction calculated at next-to-next-

to-next-to-leading-order (N3LO) QCD accuracy with NLO EW corrections applied. The
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Process Monte Carlo generator UEPS PDF Cross section order

ggF Powheg-Box v2 Pythia 8.212 PDF4LHC15 NNLO N3LO QCD + NLO EW

VBF Powheg-Box v2 Pythia 8.212 PDF4LHC15 NLO ∼NNLO QCD + NLO EW

V H Powheg-Box v2 Pythia 8.212 PDF4LHC15 NLO NNLO QCD + NLO EW

tt̄H MG5 aMC@NLO v2.2.2 Pythia 8.212 NNPDF30LO NLO QCD + NLO EW

W/Z + jets Sherpa 2.2.1 Sherpa 2.2.1 NNPDF30NNLO NNLO

VV/Vγ∗ Sherpa 2.2.1 Sherpa 2.2.1 NNPDF30NNLO NLO

tt̄ Powheg-Box v2 Pythia 6.428 CT10 NNLO+NNLL

Wt Powheg-Box v1 Pythia 6.428 CT10F4 NLO

Table 5.1: Summary of Monte Carlo generators used for the production of signal and

background samples. Matrix element generators are listed together with parton shower,

underlying event and hadronization (UEPS) generators and pdf set. In addition, the

perturbative order of the total cross section is given.

VBF production is normalized to the cross section calculated with NNLO QCD accuracy

plus NLO EW corrections applied. The V H samples are normalized to cross sections

calculated at NNLO in QCD with NLO EW corrections applied.

Backgrounds are also mainly estimated from Monte Carlo simulations. Samples of EW

production of W/Z bosons, W/Z boson production with associated jets and diboson

production were simulated with the Sherpa 2.2.1 [105] generator, where the matrix el-

ements are calculated with the Comix [106] and OpenLoops [107] generators and then

matched with the Sherpa UEPS model using the ME+PS@NLO prescription [108]. For

W/Z production with associated jets the matrix elements is calculated for up to two

partons at NLO in the final state and four partons at LO. The overall normalization

is taken from a NNLO calculation from Fewz [109, 110]. For all these background

samples the NNPDF30NNLO PDF set is used. Theory uncertainties related to the

Z → ττ background are estimated using an alternative sample generated with Mad-

graph5 aMC@NLO at LO interfaced with Pythia 8.186 as will be described in Sec-

tion 5.7.4.

For the tt̄ process the Powheg-Box v2 generator is used with the CT10 pdf set. The

cross section is taken from a NNLO calculation including soft gluon resummation at next-

to-next-to-leading-log (NNLL) from Top++ 2.0 [111] program. For single top quark pro-

duction, Wt, the simulation is performed with Powheg-Box v1 generator. The latter

uses the four flavor scheme for the NLO matrix element calculation with the fixed four

flavor pdf set CT10F4. The parton shower program used for these processes involving

top quark is Pythia 6.428 [112] with the CTEQ6L1 pdf set. The top mass is assumed

to be 172.5 GeV.

The ATLAS detector response is also simulated for all the samples, using the Geant4 [69]

program. The effect of pile-up interactions is included by overlaying minimum bias events

simulated with Pythia 8.186 on each generated signal and background event. All the

simulated samples are summarised in Table 5.1.
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5.3 Object Reconstruction

The final state of H → ττ involves different physics objects, therefore it is necessary to

reconstruct τ leptons, electrons, muons, missing transverse momentum, Emiss
T , and jets.

The object reconstruction is based on what is already described in Chapter 4 and will be

illustrated in this Section.

Electron candidates are reconstructed with energy deposits clusters in the EM calorimeter

and matched with a track in the inner detector. Electrons passing the loose requirement

and with pT > 15 GeV are considered. In addition, they must be in the acceptance region

of the inner detector, |η| < 2.47, where the transition region between the barrel and the

end-cap is excluded (1.37 < |η| < 1.52). The trigger efficiency for single electrons in the

analysis is between 90% and 95%. Overlap between different objects is always resolved.

In the case of electrons they are removed if they share their track with a muon candidate

or if their distance to a jet is within 0.2 < ∆R < 0.4.

Muon candidates are reconstructed by matching a track in the muon spectrometer with

a track in the inner detector. They have to fullfill the loose identification requirement

and must have pT > 10 GeV and |η| < 2.5. The trigger efficiency for single muons in the

analysis is 70%-80% in the barrel and 90% in the end-caps. Muon overlapping with jets

is always resolved and they are discarded if their distance to a jet is ∆R < 0.4 with the

following exceptions: if ∆R < 0.2 or the muon track is associated to the jet and if the

jet has either less than three tracks or less than twice the transverse momentum of the

muon, it is removed instead.

In the case of τlepτlep and τlepτhad channels selections, electrons and muons are required to

pass the medium identification criteria and to fullfill the isolation requirement, therefore

no additional high-pT track must be in a cone around the track and no significant energy

deposit in a cone around the calorimeter cluster.

Jets are reconstructed from topological clusters in the hadronic calorimeter using the

anti-kT algorithm with radius parameter R = 0.4. In order to reject pile-up jets the JVT

algorithm is used for jets with pT < 50 GeV and |η| < 2.4. A similar algorithm called

”forward JVT” is applied to all jets with pT < 50 GeV in the forward region, |η| > 2.5.

b-jets are also selected using a multivariate algorithm applied to all jets in the |η| < 2.5

region. A working point corresponding to an efficiency of 85% for b-jets and rejection fac-

tors of 2.8 and 28 for c-jets and light-flavor jets respectively, is used. A jet is removed if it

is within ∆R < 0.2 with respect to an electron or an hadronically decaying τ candidate.

The missing transverse momentum vector is calculated as the negative vectorial sum of

the pT of all the fully reconstructed and calibrated physics objects, including also a soft

term which takes into account all the tracks associated with the hard scattering but not

associated to any reconstructed objects. The missing transverse momentum (Emiss
T is the

modulus of this vector).

Finally, τ leptons must be reconstructed from their decay products. Leptonic tau de-

cays are reconstructed as electrons and muons as already described. The visible part of

hadronic tau decays (τhad-vis) is instead reconstructed from jets with pT > 10 GeV and

|η| < 2.5, excluding the transition region between the barrel and the end-cap calorime-

ters. The background from quark or gluon-initiated jets is rejected using a multivariate
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algorithm. τhad-vis are required to pass the loose identification criteria. In addition, they

must have pT > 20 GeV and to have one or three associated tracks and an absolute

electric charge of one. The trigger efficiency of single τhad-vis selected in the analysis is

95% for 1-prong and 85% for 3-prong taus. If the τhad-vis candidate is within a cone of

∆R < 0.4 with an electron candidate, it must have a low electron identification likelihood

score, otherwise it is discarded. In this analysis further tight requirements are applied. In

the τlepτhad selection, the τhad-vis candidates must pass the medium identification criteria

leading to an efficiency of 55% and 40% for real 1-prong and 3-prong τhad-vis respectively.

In addition, a multivariate algorithm is applied if a 1-prong τhad-vis and an electron are

selected, in order to reject Z → ee background. In the τhadτhad selection the candidates

are required to pass the tight identification criteria instead, corresponding to a selection

efficiency of 45% and 30% for real 1-prong and 3-prong τhad-vis respectively.

5.4 Missing Mass Calculator

Reconstructing the Higgs invariant mass in the H → ττ decay channel is challenging

because each τ decay, both leptonic and hadronic, involves neutrinos in the final state. The

reconstruction of the ditau invariant mass (mττ ) is therefore performed in this analysis

using the Missing Mass Calculator (MMC) [113] algorithm.

The MMC method allows to perform a complete reconstruction of the event kinematics

and to have improved invariant mass and neutrino momentum resolution, as opposed to

other methods like the collinear approximation [114], which is limited by the assumption

of having the visible and invisible τ decay products collinear and consequently it is not

able to reconstruct mττ for each event topology.

The starting assumption of the MMC is that the transverse missing energy is only due to

neutrinos from the τ decays. Under this assumption, the full reconstruction of the event

requires to solve the following system:

EmissTx = pmiss1 sin θmiss1 cosφmiss1 + pmiss2 sin θmiss2 cosφmiss2

EmissTy = pmiss1 sin θmiss1 sinφmiss1 + pmiss2 sin θmiss2 sinφmiss2

m2
τ1 = (mmiss

1 )2 + (mvis
1 )2 + 2

√
(pvis1 )2 + (mvis

1 )2

√
(pmiss1 )2 + (mmiss

1 )2

− 2pvis1 pmiss1 cos ∆θvm1

m2
τ2 = (mmiss

2 )2 + (mvis
2 )2 + 2

√
(pvis2 )2 + (mvis

2 )2

√
(pmiss2 )2 + (mmiss

2 )2

− 2pvis2 pmiss2 cos ∆θvm2

(5.1)

where EmissTx
and EmissTy

are the x and y components of the ~EmissT vector, pvis1,2 , mvis
1,2 ,

θvis1,2 , φvis1,2 are the momenta, invariant masses, polar and azimuthal angle respectively

of the τ visible decay products and mτ is the τ invariant mass.The quantities pmiss1,2 ,

mmiss
1,2 , θvis1,2 , φvis1,2 are instead the momenta, invariant masses, polar and azimuthal angle

respectively of the invisible τ decay products. Finally, ∆θvm1,2 is the angle between ~pmiss

and ~pvis for each of the two τ leptons. The variables related to the invisible decay

products are the unkowns of the system. In the case of the hadronic τ decays there
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is only one neutrino involved and the mmiss is set to zero, thus reducing the number

of the unknowns. Therefore, there are 6 to 8 unknowns depending on the number of

τ leptonic decays but only four equations relating them and the system is then under-

constrainted. Even though it is not possible to calculate the exact solution, not all

the solutions are equally likely. The idea of the MMC is to use additional kinematic

information in order to distinguish between less likely and more likely solutions and

compute the mττ invariant mass with these additional constraints. A possible variable

which provides this additional knowledge is the distance between the direction of the

visible and invisible τ decay products, ∆R =
√

(ηvis − ηmiss) + (φvis − φmiss)2. This

quantity depends on the τ decay type (leptonic, 1-prong hadronic or 3-prong hadronic)

and on the τ momentum. The ∆R distance is used as probability density function in

order to build a global event probability.

The method starts from considering the (φmiss1 , φmiss2 , mmiss
1 , mmiss

2 ) parameter space

which is reduced to (φmiss1 , φmiss2 , mmiss
1 ) if only one τ decays leptonically and to (φmiss1 ,

φmiss2 ) if both τ decay hadronically. For each point in this grid, it is possible to define the

vectors ~pmiss1,2 and calculate the ∆R distance between the ~pvis1,2 and the calculated ~pmiss1,2 . In

order to evaluate the probability of each decay topology the ∆R distribution is used and

since this quantity depends only on the τ decay type and on the τ momentum and not

on the source of τ (this is true if we neglect τ polarization), the shape of the distribution

is derived from Z/γ∗ → ττ simulations. Fits to the distributions are performed in order

to fully parametrize ∆R and this yields to the probability density function P(∆R, pτ ),

which can be used to evaluate the probability of a particular τ decay topology. The global

event probability is then defined as follows:

Pevent = P(∆R1, pτ1)× P(∆R2, pτ2) (5.2)

A scan is performed over each point of the grid, calculating mττ and weighting it by

the corresponding probability, P(∆R1, pτ1)×P(∆R2, pτ2). The position of the maximum

of the mττ distribution is then used as the final estimator for a given event.

The MMC is currently the best technique available in terms of resolution for reconstruct-

ing the Higgs invariant mass in the H → ττ decay channel. The MMC performances

are shown in Figure 5.1 and they are evaluated using Z → ττ and ggF → H → ττ

simulated events. The H → ττ sample is simulated assuming mH = 115 GeV. In all

cases the peak of the distribution is within ∼ 2% of the true mass. The resolution, in the

range of (1.0± 0.4)×mtrue
ττ , is from ∼ 8% to ∼ 13% according to the τ decay type (the

leptonic decay mode is worse due to the weaker constraintts on the system). The fraction

of events that cannot be reconstructed because the Equations 5.1 are not solved for each

grid point, ranges from ∼ 1% to ∼ 3% and thus demonstrating that the MMC has also

high reconstruction efficiency.

An example of mass reconstructed with the MMC technique in the case of the specific

analyisis described in this Chapter, is shown in Figure 5.2. Distributions of mττ for

Z → ττ and H → ττ processes after preselection (see Section 5.5) are shown for each

decay channel. The standard deviation of the reconstructed ditau mass is 17.0 GeV,

15.3 GeV and 14.7 GeV for τlepτlep, τlepτhad and τhadτhad respectively.
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Figure 5.1: MMC performances are shown. The left plot shows the reconstructed mττ

assuming mH = 115 GeV for each of the three decay channels: τlepτlep is the blue dashed-

dotted line, τlepτhad is the red dashed line and finally τhadτhad is the black solid line.

The right plot shows the reconstructed mass mττ in the τhadτhad decay channel both

for Z/γ∗ → ττ and for ggF → H → ττ events assuming mH = 115 GeV and mH =

130 GeV [113].

5.5 Event selection

After the object selection, additional requirements are applied in the analysis. The trig-

gers and the event preselection will be described in Section 5.5.1. Events passing the

preselection cuts are further categorized into signal regions (SRs) which have enhanced

signal to background ratio. In addition, control regions (CRs) are defined with consider-

able contribution of only a specific background in order to constraint its normalization.

Finally, validation regions (VRs) are used for validate the modelling of the Z → ττ

irreducible background. Description of SRs, CRs and VRs is given in Section 5.5.2.

5.5.1 Preselection

As already mentioned, specific triggers are applied for recording data for this analysis.

Depending on the trigger, different transverse momentum cuts are employed for selecting

electron, muon and τhad candidates. The pT tresholds are different for 2015 and 2016

data, in particular they increase due to the high luminosity and pile-up during 2016.

Summary of the triggers and pT requirements can be found in Table 5.2. In the τlepτlep

channel, triggers for two light leptons are applied only if the highest pT lepton does not

pass the single light lepton trigger pT requirement. In addition, since 2016, the Di-τhad-vis

trigger requires a jet with pT > 25 GeV calibrated at trigger level with |η| < 3.2.

Preselection cuts are then applied with some differences across the decay channels.

All channels are required to have the exact number of loose leptons or τhad-vis, otherwise

the event is rejected. In addition, an electron, muon or τhad-vis must fulfill tighter iden-

tification and/or isolation criteria according to what is described in Section 5.3 and they

must be of opposite charge.
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Figure 5.2: Invariant mass of the ditau system reconstructed with the MMC technique

after event preselection of the H → ττ cross section analysis. The blue curves are Z → ττ

events while the red ones are H → ττ events (split by τ decay channel) [113].

Channel Trigger pT treshold [GeV] pT treshold [GeV]

2015 2016

Single electron 25 27
τlepτlep & τlepτhad Single muon 21 27

Di-electron 15/15 18/18
τlepτlep Di-muon 19/10 24/10

Electron+muon 18/15 18/15

τhadτhad Di-τhad-vis 40/30 40/30

Table 5.2: Summary of the triggers used in the three decay channels together with the

pT requirement both for 2015 and 2016 data-taking.



Cross section measurement of the Higgs decaying into a pair of tau leptons 69

τlepτlep τlepτhad τhadτhad

ee/µµ e/µ

N loose
e/µ = 2, N loose

τhad-vis
= 0 N loose

e/µ = 1, N loose
τhad-vis

= 1 N loose
e/µ = 0, N loose

τhad-vis
= 2

e/µ: Medium, gradient iso. e/µ: Medium, gradient iso.

τhad-vis: Medium τhad-vis: Tight

Opposite charge Opposite charge Opposite charge

mcoll
ττ > mZ − 25 GeV mT < 70 GeV

30 < mll < 75 GeV 30 < mll < 100 GeV

EmissT > 55 GeV EmissT > 20 GeV EmissT > 20 GeV EmissT > 20 GeV

Emiss,hardT > 55 GeV

∆Rττ < 2.0 ∆Rττ < 2.5 0.8 < ∆Rττ < 2.5

|∆ηττ < 1.5| |∆ηττ < 1.5| |∆ηττ < 1.5|
0.1 < x1 < 1.0 0.1 < x1 < 1.4 0.1 < x1 < 1.4

0.1 < x2 < 1.0 0.1 < x2 < 1.2 0.1 < x2 < 1.4

pj1T > 40 GeV pj1T > 40 GeV pj1T > 70 GeV, |ηj1 | < 3.2

Nb-jets = 0 Nb-jets = 0

Table 5.3: Summary of the event preselection requirements for the the three decay chan-

nels.

In order to select events which contain neutrinos, the Emiss
T is required to be Emiss

T >

20 GeV. In the τlepτlep channel with two same flavour leptons in the final state, this

requirement is tighten in order to reject Z → ll background. For the same reason, fur-

ther cuts on the invariant mass of the two leptons and on the missing transverse energy

calculated only with the hard terms (Emiss, hard
T ) are applied. Additional requirements

on the angular distance between the tau candidates and their difference in pseudora-

pidity are applied in order to reject non-resonant background. Requirements are also

applied on the fraction of the τ candidate momentum carried by the visible decay prod-

uct, xi = pvis
i /(pvis

i + pmiss
i ). which is calculated in the collinear approximation, thus

the visible and invisible decay products are assumed to be collinear. The reason for this

requirement is to suppress events with Emiss
T not compatible with that of a ditau decay.

The transverse mass calculated from Emiss
T , light lepton and τhad-vis is required to be lower

than 70 GeV in the τlepτhad channel to reject W+jets events with leptonic decays. In the

τlepτlep channel the mass calculated with the collinear approximation is required to be

mcoll
ττ > mZ − 25 GeV to further reduce Z → ll events and ensure orthogonality with the

H →WW decay channel which can have the same final state as τlepτlep.

Further requirements are applied on the jets. Since this analysis targets in the signal

region VBF events or ggF events produced in a boosted regime, at least one jet is re-

quired with minimal pT requirement. In the τhadτhad channel this requirement is raised to

pT > 70 GeV in order to achieve uniform trigger efficiency (as already mentioned in this

section, the 2016 trigger for τhad-vis requires at least one jet). Finally in the τlepτlep and

τlepτhad channels no jets tagged as b with pT > 25 GeV are required in order to suppress

the top quark background. All these preselection cuts are listed in details in Table 5.3.
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Signal region Inclusive τlepτlep τlepτhad τhadτhad

VBF

High-pττT pj2T > 30 GeV

|∆ηjj | > 3

mjj > 400 GeV

ηj1 η̇j2 < 0

central leptons

− pHT > 140 GeV

∆Rττ < 1.5

Tight mjj > 800 GeV
mjj > 800 GeV

pττT > 100 GeV

Not-VBF high-pττT
mjj > (1550− 250∆̇ηjj) GeV

Loose Otherwise

Boosted
High-pττT Fail VBF

pττT > 100 GeV

pττT > 140 GeV

∆Rττ < 1.5

Low pττT Otherwise

Table 5.4: Summary of the signal regions definitions for each decay channel. Two VBF

and two boosted signal regions are exploited for each decay channel, apart from τhadτhad

channel which uses an additional VBF region (VBF high-pHT ).

5.5.2 Signal, control and validation regions

After applying the preselection requirements, further cuts are employed in order to select

regions with enhanced signal to background ratio. Two kinds of signal regions are defined

which exploit signal sensitive event topologies: a region called ”VBF” and a region called

”boosted”. The VBF category targets events produced through VBF Higgs production

mode and it is characterized by two high-pT jets which have a large pseudorapidity gap

(|∆ηjj | > 3) and have large invariant mass (mjj > 400 GeV). In addition, the selected τ

candidates must have η values that lie between those of the two jets. This region has a

sizeable contamination of ggF events which amounts up to ∼ 30% of the total expected

Higgs signal.

The boosted category targets events which are produced through ggF with an additional

recoiling jet. These events must fail the VBF selection and have a boosted Higgs boson

(pττT > 100 GeV). This boosted regime, which allows to select ggF plus one additional

jet events, is motivated by a reduced Z → ττ background contamination (on average the

boson has an higher pT for H → ττ .) The boosted category contains also contributions

from other Higgs production mode, in particular sizeable contribution from VBF and VH

production up to ∼ 20% of the expected Higgs signal. The two signal regions are then

defined in a mutual exclusive way and events that do not lie neither in the VBF nor in

the boosted category are not used in the analysis. The VBF and boosted inclusive signal

regions are further splitted into subregions in order to improve the sensitivity: pττT , ∆Rττ
and mjj are used to define further selections, ending up with a total of 13 signal regions

as it is shown in Table 5.4.

mMMC distributions in the various signal regions for the τhadτhad channel are shown

as an example in Figure 5.3 and Figure 5.4 for VBF and boosted regions respectively.

Six control regions are defined in a way that the contribution of a particular back-

ground is dominant and they are used to constraint background normalization. Regions

of this kind are defined for the Z → ll and top quark backgrounds. In particular two

Z → ll regions are determined for τlepτlep by applying the VBF inclusive and the boosted

inclusive selection respectively plus requiring the mll to be 80 < mll < 100 GeV. These
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(a) VBF high-pT

(b) VBF tight (c) VBF loose

Figure 5.3: mMMC distribution in the various VBF τhadτhad signal regions: VBF high-pT

(a), VBF tight (b) and VBF loose (c). The red line correspond to the Higgs expected

signal multiplied by 20 and the filled colored histrograms correspond to the various back-

ground predictions which will be discussed in details in Section 5.6. The uncertainties are

represented by the hashed band which include only statistical uncertainties.

regions consist of more than 90% of Z → ll events. The top quark background is char-

acterized by the presence of b-jets. Therefore four CRs are defined by inverting the b-jet

veto requirement respectively in the VBF and boosted region for τlepτlep, and in the VBF

and boosted region for τlepτhad. In addition, in the τlepτhad regions, the requirement on

the transverse mass, mT < 70 GeV, is replaced by mT > 40 GeV, to further enhance the
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(a) Boosted tight (b) Boosted loose

Figure 5.4: mMMC distribution in the two boosted τhadτhad signal regions: boosted tight

(a) and boosted loose (b). The red line correspond to the Higgs expected signal multiplied

by 20 and the filled colored histrograms correspond to the various background predictions

which will be discussed in details in Section 5.6.The uncertainties are represented by the

hashed band which include only statistical uncertainties.

contribution of top quark background. The contribution of top quark events in these CRs

is ∼ 80% in τlepτlep and ∼ 60− 70% in τlepτhad. Top quark and Z → ll backgrounds are

instead negligible in τhadτhad. Summary of these CRs definitions can be found in Table 5.5.

The normalization of the major irreducible background, which is Z → ττ , is instead

directly determined from the fit to data as will be discussed later in Section 5.8.2. In

order to validate the modelling of this background, a Z → ττ validation region is defined

(one for each signal region). Since it is difficult to select a pure Z → ττ sample, this

VR is composed of Z → ll events with similar kinematics to Z → ττ events. This is

achieved by considering the τlepτlep same flavor preselection region but with the following

differences: the requirements on mcoll
ττ , Emiss

T and Emiss,hard
T are dropped and the mll cut is

inverted to mll > 80 GeV. The other requirements on the τ lepton decays are replaced by

requirements on the light leptons. Finally, the requirements on the pττT are also replaced

by requirements on the pT of the Z boson which is obtained from the pT of light leptons.

Figure 5.5 summarises the composition of all the signal and control regions where the

meaning of the backgrounds and their estimation will be described in Section 5.6.

5.6 Background estimation

The different final states of the three decay channels imply different background compo-

sitions and also need different strategies for background estimation. Both simulation and
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Channel Region Selection

τlepτlep

VBF Z → ll CR τlepτlep VBF incl. selection, 80 < mll < 100 GeV (SF)

boosted Z → ll CR τlepτlep boosted incl. selection, 80 < mll < 100 GeV (SF)

VBF top CR τlepτlep VBF incl. selection, inverted b-jet veto

boosted top CR τlepτlep boosted incl. selection, inverted b-jet veto

τlepτhad
VBF top CR τlepτhad VBF incl. selection, inverted b-jet veto, mT > 40 GeV

boosted top CR τlepτhad boosted incl. selection, inverted b-jet veto, mT > 40 GeV

Table 5.5: Definitions of the CRs in the various channels, used to constraint Z → ll and

Top backgrounds.

Figure 5.5: Expected signal and background composition of the 13 signal regions and the

6 control regions used in the analysis [89].

data-driven techniques are used to model the backgrounds in the three decay channels

and a description of all of these methods can be found in this Section.

5.6.1 Z → ττ background

The Drell-Yan process Z/γ∗ → ττ constitutes the main irreducible background and its

contribution is in the range of 50%-90% of the total background yield depending on the

signal region. The separation between Z → ττ and H → ττ is limited by the mMMC
ττ

resolution, indeed the Z → ττ invariant mass distribution tail lies on the Higgs signal

region (considering mH = 125 GeV).

The Z → ττ background is estimated using the same strategy across the different chan-

nels, namely using simulations from Sherpa at NLO and alternative Madgraph5 aMC@NLO
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samples are used for estimating UEPS theoretical uncertainties. The normalization of this

major background is directly retrieved from the fit to data and no specific control region

is defined. Therefore, in order to verify the correctness of the Z → ττ background mod-

elling, a validation region is used instead. The purpose of this study is to validate the Z

boson and the jet kinematics where the latter is particularly challenging to simulate for

the MC generators.

The validation is performed using Z → ll events since it is difficult to select a pure Z → ττ

sample. The VR is then built using a selection as much as possible closer to the signal

regions where the variables referred to τ are replaced with variables referred to muons or

electrons, as already described in Section 5.5.2. Going more into detail, this is obtained

by requiring:

• Two leptons with same flavor and opposite charge (e+e− or µ+µ−)

• mll > 80 GeV

• |∆ηll| < 1.5, ∆Rll < 2.5

• At least one jet with pT > 40 GeV for τlepτlep and τlepτhad and 70 GeV for τhadτhad

• Transverse momentum of the leading pl1T > 40 GeV for τhadτhad

The events are then further categorised into VBF-like and boosted-like regions based

on the selection for the signal regions:

• VBF-like: a second jet with pj2T > 30 GeV, mjj > 400 GeV, |∆ηjj | > 3, ηj1×ηj2 < 0

• Boosted-like: fail VBF selection, pllT > 100 GeV

Figure 5.6 shows some examples of variables related to jet kinematics or used in the

analyisis for categorization. The agreement between the data and the Sherpa simulation

is generally good within the statistical and systematic uncertainties. The only variable

which shows some trend is the mjj distribution and therefore a reweighting based on the

behaviour of this variable was investigated. The reweighting was intended to act only on

the respective normalizations of the VBF sub-categories in each channel. As expected

from the mjj behaviour, it tends to reduce the size of Z → ττ in the categories with high

mjj and to increase the amount of Z → ττ events in the low mjj categories. However,

as Table 5.6 shows, it was found to have a negligible impact on the result, therefore no

specific treatment is applied.

5.6.2 Z → ll background

Decays of Z boson into electrons or muons are significant particularly for the τlepτlep and

τlepτhad channel whereas they are basically negligible for the τhadτhad channel. Mismea-

surements of missing transverse energy can also bias the reconstructed mMMC
ττ of these

light lepton pairs, leading to values similar to those expected for the Higgs signal.



Cross section measurement of the Higgs decaying into a pair of tau leptons 75

(a) (b)

(c) (d)

Figure 5.6: Observed and expected distributions in the Z → ττ validation region, after

performing the fit, for τlepτhad boosted inclusive category (a) and τlepτhad VBF inclusive

category. The variables are examples of jet-related quantities or they are related to the

event categorization: transverse momentum distribution of the highest pT jet (a), invari-

ant mass distribution of the system composed by the two highest pT jets (b), transverse

momentum distribution of the system composed by the two highest pT leptons (c) and

pseudorapidity separation betweeen the two highest pT hets (d). All of these distributions

shows good agreement between data and MC simulations, only mjj shows a slightly trend

in the tail but performing a reweighting based on the mjj variable has a negligible impact

on the result[89].
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Channel mjj reweighting applied nominal

τlepτlep 1.230 1.183

τlepτhad 2.8126 2.8129

τhadτhad 2.844 2.838

Table 5.6: Impact of the mjj reweighting on the expected significance in each channel.

This background is estimated using simulations and, in order to constraint its normal-

ization, a dedicated control region is used in the τlepτlep channel. Figure 5.7 (a) shows a

good modelling of the mMMC
ττ in the Z → ll CR. In the other two channels the Z → ll

yield is normalized to its theoretical prediction. In particular for the τlepτhad channel the

main contribution comes from Z → ee events where an electron is misidentified as a τhad
but this background is significantly reduced by the veto algorithm applied to selected

1-prong τhad candidates. The usage of a Z → ll CR in the τlepτhad channel is therefore

not necessary.

5.6.3 Top background

The production of tt̄ pairs or of single top quarks, usually referred to as ”top quark

background” is a significant background for the τlepτlep and τlepτhad channels. This is

due to the top quark decay chain, t → Wb, W → lν, τν. Events where a τ lepton

decay product is misidentified are estimated using data-driven techniques as described

in Section 5.6.4. The remaining top background is estimated using simulations and the

normalization is constrainted using CRs both in the τlepτlep and in the τlepτhad channel.

Figure 5.7 (b-c) shows good modelling of the mMMC
ττ distribution in the τlepτlep boosted

Top CR and in in the τlepτhad VBF top CR respectively.

5.6.4 Background from misidentified τ

A relevant background contribution comes from hadronic jets which can be misidentified

as τhad or even as electrons or muons. This background represents a significant amount

since it contributes to up 40%-50% of the total background depending on the signal region,

particularly for τlepτhad and τhadτhad channels. All of these backgrounds are estimated

using data-driven techniques and different methods are applied according to the specific

decay channel.

In the τlepτlep channel the main sources of this background arise from QCD jets (multi-

jets), W bosons produced in association with jets and semileptonically decaying tt̄ events.

Dedicated regions are defined to estimate these backgrounds from data. They are ob-

tained by ”inverting” the isolation criteria, namely requiring that the light lepton with

the second-highest pT does not satisfy the gradient isolation criterion. In addition, if

the light lepton is an electron, the identification criteria is relaxed to loose. Templates

are then built in these data regions and the Z → ll and top quark contributions, that

produce real light leptons, are estimated using MC and substracted from these samples.

Scale factors are then derived for each template and applied, correcting for the inverted
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(a) (b) (c)

Figure 5.7: Example of mMMC
ττ distributions, after performing the fit, in the CRs: τlepτlep

VBF Z → ll CR (a), τlepτlep boosted top CR (b) and τlepτhad VBF top CR (c). Data

and predictions are in agreement within the uncertainties which include statistical and

systematics uncertainties [89].

isolation requirement. This background from fake leptons is estimated in the same way in

the top CR. Different systematic uncertainties both in the shape and normalization are

taken into account due to the usage of this method. A non-closure systematic is estimated

using events where the leptons are required to have the same charge and this leads to

an uncertainty between 20% and 65% depending on the region. An uncertainty on the

heavy flavour content is estimated using isolation correction factors that are computed

with samples selected inverting the b-jet requirements. The resulted uncertainty is up to

50%. Other minor systematics refer to the fractional composition of the fake background

in top quark decays, W+jets production and QCD jets.

In the τlepτhad channel, this background is mainly composed by QCD jets and W bosons

produced in association with jets. The method used in this channel is a ”fake-factor”

method. Fake-factors are defined as the ratio of the number of events where the highest-

pT jet is identified as a medium τhad candidate to the number of events where the highest-

pT jet passes a loose ττhad
identification but fails the medium one. These factors depend

on the pT and track multiplicity of the τhad candidate and on wether the jet is quark

or gluon-initiated. Therefore two regions are defined: one called ”W -enhanced” which is

dominated by W+jets events and hence by quark-initiated jets, and defined by inverting

the mT < 70 GeV requirement and another region called ”multijet-enhanced” which is

dominated by QCD jets events and hence by gluon-initiated jets and defined by inverting

the light lepton isolation. Other background sources like Z bosons produced in associa-

tion with jets and semileptonic decays of tt̄ were found to be negligible. The fake-factors

derived in these data regions are firstly weighted by the multijets-to-W fraction. In order

to estimate the background contribution for the signal regions, the weighted fake-factors

are applied to events in regions defined with the same selection of the signal regions except

that the τhad candidate passes a loose τhad requirement and fails the medium one (anti-ID

regions). The relative multijet contribution in each anti-ID region is estimated from the
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yields of events that fail the light-lepton isolation requirement multiplied by a correction

factor that takes into account this requirement. The major systematic contribution for the

fake background in the τlepτhad channel originates from statitistical uncertainties in the

individual fake factors, they are in a range of 10%-35% depending on the signal regions.

Other minor contributions to the uncertainties come from statistical uncertainties in the

anti-ID regions and uncertainties in the fractional composition of the fake background in

multijets.

In the τhadτhad channel the dominant contribution to this background is from QCD jets.

Templates are built from data in a specific region (nOS region) defined by applying the

same selection as in the signal regions but where the two τhad-vis candidates are allowed

to have two tracks and are required to fail the opposite charge requirement (in the SR

they must have exactly one or three tracks and be of opposite charge). The contribution

of events with true τ leptons from other SM processes, in particular from Z → ττ , is

estimated with simulation and subtracted from the template. The nOS region was chosen

because it provides the highest purity in selecting jets misidentified as τ . However, in

order to estimate this background contribution in the signal region, the template must be

reweighted to a region closer to the signal region. The reweighting is then based on scale

factors dependent on the ∆φττ between the two τhad-vis candidates derived in a region

where the τhad-vis pair must have opposite charge and the second-highest pT τhad-vis must

fail the tight but pass the medium identification requirement. Since the statistics of these

events is relatively small, a selection with looser ∆ηττ and ∆Rττ is applied. A summary

of all the mentioned control regions can be find in Table 5.7. The ∆φττ is used as it was

found to propagate efficiently the kinematic differences between these regions as it can be

seen in Figure 5.8. Differently from the other channels, the fake background normalization

in the τhadτhad channel is not fixed but directly derived from the fit (one normalization

factor correlated accross all τhadτhad SRs). Figure 5.9 shows good agreement between

data and background prediction. The distribution of ∆ηττ is here shown as it provides a

good separation between Z → ττ and fake backgrounds.

Uncertainties in the shape and normalization of the fake background are taken into ac-

count. The dominant contribution arises from the statistical uncertainties in the ∆φττ
scale factors and amounts to 8%. Systematic uncertainties for these scale factors are

estimated by comparing them with scale factors computed in the noC region and in an-

other region defined by requiring two τhad-vis of opposite charge and that pass the loose

but not the medium identification requirement. Other minor contributions comes from

the extrapolation from the nOC region to the signal region and the uncertainty from the

subtraction of simulated backgrounds.

Region Charge Tracks Subleading τ ID

Signal region q(τ1)× q(τ2) = −1 Number of tracks ∈ 1, 3 tight

nOS control region q(τ1)× q(τ2) 6= −1 Number of tracks ∈ 1, 2, 3 tight

OS medium control region q(τ1)× q(τ2) = −1 Number of tracks ∈ 1, 3 medium not tight

Table 5.7: Summary of control regions used for the misidentified τ background estimation

in the τhadτhad channel.
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Figure 5.8: ∆φττ distribution in the τhadτhad control regions used for estimating the

misidentified τ background: the nOS region where the template for this background is

derived (in black), the OS medium region used for the reweighting (in blue) and alternative

OS region which uses the loose ID requirement instead of the medium (in magenta). The

bottom panel shows the ratio between the ∆φττ distribution in the OS medium and

nOS region, used for reweighting the template. The uncertainty band is constructed by

replacing the medium not tight requirement on the second-highest pT τhad-vis candidate

by the loose not tight requirement added in quadrature with the statistical uncertainty

on the nominal weight.

5.6.5 Other backgrounds

Backgrounds that have a minor contribution are estimated using MC simulations and their

normalization is fixed to their theoretical prediction. This includes diboson production

and electroweak production of W/Z bosons. In addition there are contribution from

H → WW decay in the τlepτlep channel and from W bosons production in association

with jets and tt̄ production in the τhadτhad channel. These backgrounds are frequently

referred to as ”Others”.

5.7 Systematic uncertainties

The expected signal and background yields in the different signal and control regions

and the mMMC
ττ shape are affected by systematic uncertainties. All the uncertainties

taken into account will be described in this Section, except the ones coming from data-

driven backgrounds estimation which are already described in Section 5.6.4. All the
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Figure 5.9: ∆ηττ distribution in the τhadτhad boosted low pττT SR. Good agreement is

shown between data and simulations. Due to the different shape of misidentified τ and

the Z → ττ backgrounds is possible to disentangle the two contributions[89].

systematic uncertainties are then included in the fit model as will be illustrated in details

in Section 5.8.2.

5.7.1 Theoretical uncertainties on the signal

The procedures to estimate the theoretical uncertainties on the signal follow the rec-

ommendations of the LHC Higgs Cross Section Working Group (LHCHXSWG). All the

theoretical uncertainties are factorized into uncertainties on the total cross section, on

the acceptance in the SRs as well as on the shape of the mMMC
ττ . The uncertainty on the

total cross section is treated as uncorrelated from the shape and acceptance uncertainties,

while shape and acceptance uncertainties from a given source are treated as correlated.

The relevant theoretical uncertainties on the SM predictions arise from three main sources:

• QCD scale: uncertainties due to missing higher order QCD corrections.

• Parton Shower: uncertainties due to the parton shower algorithm and to the non

perturbative part of the simulation (underlying event and hadronization).

• Parton Distribution Function and αs: uncertainties on the experimental input

parameters used for the PDFs evaluation and on the αs.

Uncertainties on the total cross section are given by the LHCXSWG [25] and reported

in Table 5.8 and Table 5.9 for the QCD scale and PDF+αs uncertainties respectively.
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Production process + QCD scale (N3LO) - QCD scale (N3LO)

ggF +3.9 % -3.9 %

VBF +0.4 % -0.3 %

WH +0.5 % -0.7 %

ZH +3.8 % -3.1 %

Table 5.8: Total cross section uncertainties due to missing higher order QCD correc-

tions [25].

Production process PDF αs (PDF + αs)

ggF ±1.8 % ±2.5 % ±3.1 %

VBF ±2.1 % ±0.5 % ±2.1 %

WH ±1.7 % ±0.9 % ±1.9 %

ZH ±1.3 % ±0.9 % ±1.6 %

Table 5.9: Total cross section uncertainties due to PDFs and αs [25].

In addition to the uncertainties that are used in the fit, additional studies were made

at truth level, namely using samples where only the matrix element and the parton shower

are simulated and not the full chain which includes simulation of the interaction with the

detector and reconstruction of the physics objects. Altough the uncertainties evaluated

at truth level are not used in the fit, they constituted the first evaluation of signal theory

uncertainties and were used as a cross-check.

5.7.2 Truth level studies

Truth level studies have been performed using truth level samples produced with the

same generators described in Section 5.2 and using Herwig7 as alternative parton shower

algorithm for evaluating UEPS uncertainties. The uncertainties are evaluated in VBF-like

and boosted-like regions as much as possible closer to the SRs used in the analysis.

VBF and VH scale uncertainties

As explained in Section 1.2, the expression for the QCD running coupling constant can

be written as:

αs(µ
2
R) =

12π

(11NC − 2Nf ) ln(
µ2
R

Λ2
QCD

)
(5.3)

Then a process at a certain order can be computed as a LO process with scale αs(µ
2
R)

where all the perturbative series contributions are absorbed in αs(µ
2
R). Varying the renor-

malization scale µR gives an estimate on the contribution of missing higher order QCD

corrections. In the same way the variation of the factorization scale in the DGLAP equa-

tions (Equation 1.17) quantifies the contribution of missing higher order in the PDFs.
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The most conservative method to evaluate the impact of truncation of the perturbative

series is then to vary the renormalization and factorization scales, by factors of 2 and 1/2

with the constraint 1
2 ≤

µR
µf
≤ 2 (the diagonal values are excluded since they represent

corrections of higher order) and using µR = µF = mW as the nominal scale. These

uncertainties have been evaluated using samples with event weights for each scale varia-

tion. The largest uncertainty is then kept as the final scale uncertainty. Table 5.10 shows

the acceptance uncertainties values. V H scale variations are evaluated with the same

method.

channel boosted region VBF region

τlepτlep +0.604 % +0.608 %

-0.759 % -0.790 %

τlepτhad +0.594 % +0.490 %

-0.746 % -0.559 %

τhadτhad +0.573 % +0.407 %

-0.583 % -0.383 %

Table 5.10: Summary of scale uncertainties, evaluated at truth level, for the VBF process

in the boosted and VBF signal regions for the three decay channels.

ggF scale uncertainties

The uncertainties due to missing higher order QCD corrections in the case of ggF process

are evaluated in principle in the same way as for VBF and V H. However, experimental

cuts defining exclusive regions in terms of jet multiplicity, generally introduces large log-

arithmic contributions, log pcut
T /Q (Sudakov logarithms), where Q ∼ mH for ggF, which

lead to large uncertainties, absent in the inclusive cross section. Due to accidental can-

cellations, this uncertainty is often underestimated when varying the factorization and

renormalization scales. Therefore jet bin migration uncertainties must be taken into ac-

count.

In this analysis, jet bin migration uncertainties have been estimated at truth level using

the Stewart-Tackmann method [115]. The nominal ggF Higgs production samples are gen-

erated with dynamical factorization and renormalization scales both determined according

to
√

(pHT )2 +m2
H . Jet bin uncertainties have been evaluated using the MCFM [116, 117,

118] program, which is a matrix element Monte Carlo generator. MCFM is able to cal-

culate cross sections for the processes H+1jet and H+2jet both at LO and NLO, but it

is not able to generate events.

When applying a kinematic cut that imposes a binning in the number of jets, an inclusive

N-jet region is divided into an exclusive N-jet region and an inclusive N+1-jet region:

σ≥N = σN + σ≥N+1 (5.4)

where σ≥N is the inclusive N-jet region, σN is the exclusive N-jet region and σ≥N+1
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is the inclusive N+1-jet region.

In addition to the uncertainties on the absolute yield, an uncertainty on the jet bin

migration applies leading to the following expressions for the total uncertainties in the

N-jet exclusive region and in the N+1 jet inclusive region:

∆2
N = (∆Y

N )2 + ∆2
cut

∆2
≥N+1 = (∆Y

≥N+1)2 + ∆2
cut

(5.5)

where the ∆Y are the uncertainties on the yield and ∆cut are the uncertainties in-

troduced by the cut applied. An uncertainty on the total cross section can be derived

considering that the yield uncertainties are correlated across the two regions while the

uncertainties introduced by the cut are totally anticorrelated and therefore they vanish

when the two regions are added up:

∆2
≥N = (∆Y

N )2 − (∆Y
≥N+1)2 (5.6)

It is then possible to derive the following cross section, since we are interested in the

N-jet exclusive region,

σN = σ≥N − σ≥N+1 (5.7)

and its uncertainty,

∆2
N = ∆2

≥N + ∆2
≥N+1 (5.8)

In the analysis no explicit veto in the number of jets is imposed but an exclusive cut

is applied requiring that the events that lie in the boosted category must fail the VBF

selection, therefore removing events with two or more jets that have certain kinematic

features. Figure 5.10 illustrates the regions necessary for the computation of jet bin

uncertainties.

Figure 5.10: Illustration of jet multiplicity bins. ”BOOST-Inc” refers to the inclusively

defined boosted category, while BOOST&VBF-Inc is the overlap between the Boosted and

VBF categories, which is inclusive in jet multiplicity. ”VBF-Inc” is the inclusive VBF

category. The boosted exclusive region is the set of events belonging to ”BOOST-Inc”

but not to ”VBF-Inc”, colored in yellow.
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Similarly to equation 5.7 and 5.8 it is possible to define the exclusive boosted category

as,

σBOOST−Excl = σBOOST−Inc
≥1j − σBOOST&VBF−Inc

≥2j (5.9)

and its uncertainty,

∆2
BOOST−Excl = (∆BOOST−Inc

≥1j )2 + (∆BOOST&VBF−Inc
≥2j )2 (5.10)

The impact of uncertainties in these regions were simulated using the H+1jet process

at NLO for the ”BOOST-Inc” category and the H+2jet process at LO (for preserving the

same order of αs) for the ”BOOST&VBF-Inc” category. The selections applied at truth

level are reported in Table 5.11.

Channel H+1j, BOOST-Inc, H+2j BOOST&VBF-Inc

τlepτlep pT (H) > 100 GeV, BOOST-Inc cuts & ≥ 2 jets

≥ 1 jet with pT (j1) > 40 GeV with pT (j2) > 30 GeV, M(jj) > 400 GeV,

|∆η(jj) > 3|

τlepτhad pT (H) > 100 GeV BOOST-Inc cuts &

≥ 2 jets with pT (j2) > 30 GeV, M(jj) > 300 GeV,

|∆η(jj) > 3|

τhadτhad pT (H) > 100 GeV, BOOST-Inc cuts &

≥ 1 jet with pT (j1) > 70 GeV ≥ 2 jets with pT (j2) > 30 GeV, M(jj) > 300 GeV,

|∆η(jj) > 3|

Table 5.11: Selection cuts applied for jet bin migration uncertainty at truth level.

The resulted uncertainties in the two regions, which are uncertainties on the cross

section and not on the acceptance, are reported in Table 5.12.

Channel BOOST-Inc BOOST&VBF-Inc

τlepτlep 24.3% 59.7%

τlepτhad 24.1% 59.6%

τhadτhad 23.3% 59.6%

Table 5.12: Jet bin migration uncertainties on the cross section evaluated with the

Stewart-Tackmann method.

The uncertainties are large in particular for the Boosted&VBF-Inc category because

the process is evaluated at LO. The two uncertainties are not simply added in quadrature

but in principle they are associated to different parameters in the fit (see Section 5.8.2

for systematic uncertainties treatment in the fit). Considering the two parameters as

log-normal distributed and considering the relations between the jet bins, they can be
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expressed by the following formulas:

exp [εBOOST−Inc
(1/fBOOST−Excl)]

exp [εBOOST&V BF−Inc
(−fBOOST&VBF−Inc/fBOOST−Excl)]

(5.11)

where ε are the gaussian distributed uncertainties and f indicates the fraction of events

in a certain category. Thus, even though the uncertainties in the BOOST&VBF-Inc are

large, their impact is small because the fraction of events is small. These uncertainties

and the related parameters in the fit are however not used in the analysis since they have

been replaced by the method described in Section 5.7.3.

Parton Shower uncertainties

Parton shower programs simulate the process from the hard scattering to the scale where

perturbative QCD breaks down and hadronization happens (Q ∼ 1 GeV). Therefore dif-

ferent sources of uncertainties are related to the parton shower program used, from the

matching to the matrix element, to the simulation of the showering and to the non per-

turbative effects like simulation of hadronization and underlying event.

The most conservative way to estimate this uncertainty is to compare different parton

shower algorithms. In the analysis the default Pythia8 showering software was replaced

by Herwig7. The showering is simulated as a Markovian process where the parton split-

ting is ordered according to an kinematic variable. In the case of Pythia the ordering

is based on the transverse momentum of the daughter partons relative to the direction of

the mother while Herwig uses an angular ordered shower where the angle between the

daughter partons is considered. In addition, different hadronization algorithms are em-

ployed: Pythia uses the Lund String Model while Herwig uses the Cluster Model [119].

Finally, different underlying event modeling are embedded in the two generators.

The result for this truth level comparison are reported in Table 5.13 and Table 5.14 for

the VBF and ggF samples respectively.

channel boosted region VBF region

τlepτlep 3.36% -8.38%

τlepτhad 1.51% -8.31%

τhadτhad -0.002% -9.40%

Table 5.13: Parton shower uncertainties derived from Herwig to Pythia comparison at

truth level for the VBF process.

The differences between Herwig and Pythia can be seen also in the distribution of

the jet related kinematic variables as it is shown in Figure 5.11 for the ggF sample.

In addition to the comparison of different shower algorithms, which is rather conser-

vative and can overestimate the uncertainty, ATLAS has developed tunes which allows

to vary internal Pythia parameters. The AZNLO tune [100] has been used to estimate

uncertainties related to internal Pythia parameters variations. The parameters refer to
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channel boosted region VBF region

τlepτlep -15.28% 18.49%

τlepτhad -14.80% 14.56%

τhadτhad -15.48% 14.10%

Table 5.14: Parton shower uncertainties derived from Herwig to Pythia comparison at

truth level for the ggF process.

(a) (b)

(c)

Figure 5.11: Transverse momentum distribution of the highest-pT jet (a), the second

highest-pT jet (b) and the mass of the two jets system (c) simulated with the two different

parton shower programs: Herwig and Pythia [120].

multi parton interaction, to final state radiation scale variations and to the primordial

kT of initiatiors of hard-scattering which covers initial state radiation uncertainties. The

resulted uncertainties obtained by summing in quadrature each individual parameter vari-

ation contribution are shown in Table 5.15 and Table 5.16 for ggF and VBF processes
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respectively.

Channel boosted region VBF region

τlepτlep 2.83% 11.10%

τlepτhad 2.87% 12.05%

τhadτhad 2.27% 13.54%

Table 5.15: Summary of the total parton shower uncertainties, obtained with the AZNLO

tune by summing the individual contributions in quadrature, for the ggF process.

Channel boosted region VBF region

τlepτlep 1.40% 1.34%

τlepτhad 1.79% 2.32%

τhadτhad 2.23% 2.05%

Table 5.16: Summary of the total parton shower uncertainties, obtained with the AZNLO

tune by summing the individual contributions in quadrature, for the VBF process.

Since also the central sample has an impact on the uncertainty, an alternative tune

(A14 [121]) has been used to evaluate the uncertainties but since they are smaller than

the other parton shower uncertainties, they were used only as a cross-check. Table 5.17

and Table 5.18 shows the results for the ggF and VBF processes respectively.

Channel boosted region VBF region

τlepτlep 0.10% 0.76%

τlepτhad 0.22% 5.17%

τhadτhad 1.95% 5.67%

Table 5.17: Parton shower uncertainties from the AZNLO/A14 comparison for the ggF

process.

Channel boosted region VBF region

τlepτlep 0.79% 1.58%

τlepτhad 0.70% 0.005%

τhadτhad 0.75% 1.17%

Table 5.18: Parton shower uncertainties from the AZNLO/A14 comparison for the VBF

process.
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PDF uncertainties

In this Section the method, used for initially evaluating the PDF uncertainties, is de-

scribed. Later, due to the availability of dedicated MC samples, it was possible to use

a different recommendation illustrated in Section 5.7.3. However this initial approach

is explained here because of its pedagogical value and because its applicable to all MC

generators.

The PDF uncertainties at truth level have been estimated using the the internal errors

available with the set used for the nominal samples, the CT10 [122] and using alternative

sets, namely MSTW2008 [123] and NNPDF 2.3 [103].

The CT10 error band is calculated using the Hessian method. Each of the 26 eigenvectors

provided by the CT10 PDF set, can be varied up and down. The total up variation is

then determined as:

∆X+
max =

√√√√ N∑
i=1

[max (X+
i −X0, X

−
i −X0, 0)]2 (5.12)

and the total down variation as:

∆X−max =

√√√√ N∑
i=1

[max (X0 −X+
i , X0 −X−i , 0)]2, (5.13)

where X0 is the nominal value of a variable, while X+
i is its value using the PDF

corresponding to the up variation of the eigenvector i and X−i is its value using the PDF

corresponding to the down variation of the eigenvector i. Thus, ∆X+
max considers the

errors that increase the nominal value while ∆X−max considers those that decrease the

nominal value. The final PDF uncertainty is compute taking the envelope between the

CT10 error band and the difference with the alternative PDF sets. The final PDF uncer-

tainty are listed in Table 5.19 and Table 5.20 for the ggF and VBF processes respectively.

Channel boosted region VBF region

τlepτlep +1.83% -1.48% +1.34% -1.11%

τlepτhad +2.03% -1.68% +1.36% -1.10%

τhadτhad +1.87% -1.55% +2.73% -2.32%

Table 5.19: PDF uncertainties, evaluated at truth level, for the ggF process.

5.7.3 Uncertainties at reconstruction level

The uncertainties calculated at truth level have been replaced by reconstruction level

uncertainties, using full simulated samples and evaluating them in the actual SRs of

the analysis. This has been possible due to the availability of new MC samples which

generally contain specific event weights which allow to propagate the uncertainties and
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Channel boosted region VBF region

τlepτlep +1.02% -1.19% +1.56% -1.60%

τlepτhad +1.11% -1.19% +1.91% -1.62%

τhadτhad +0.89% -0.85% +2.15% -1.85%

Table 5.20: PDF uncertainties, evaluated at truth level, for the VBF process.

to estimate them in each SR employed in the analysis. How they have been computed

will be described in this Section.

VBF and VH scale uncertainties

VBF and VH scale variations have been evaluated with the same procedure as for truth

level uncertainties, described in Section 5.7.2, with the only difference that the event

weights are embedded in the full simulated samples. The resulted uncertainties, obtained

by varying the renormalization and factorization scales, are reported in Table 5.21 for the

VBF process.

Channel Signal region maximum up variation maximum down variation

τlepτlep VBF loose 0.77 % ± 0.01 % -0.84 % ± 0.02 %

VBF tight 1.21,% ± 0.02 % -1.60 % ± 0.02 %

Boosted low-pττT 0.554 % ± 0.009 % -0.65 % ± 0.01 %

Boosted high-pττT 1.42 % ± 0.03 % -0.80 % ± 0.01 %

τlepτhad µh VBF loose 0.351 % ± 0.008 % -0.221 % ± 0.005 %

eh VBF loose 0.67 % ± 0.02 % -0.702 % ± 0.02 %

µh VBF tight 1.02 % ± 0.01 % -1.04 % ± 0.01 %

eh VBF tight 1.08 % ± 0.01 % -1.21 % ± 0.02 %

µh Boosted low-pττT 0.63 % ± 0.01 % -0.62 % ± 0.01 %

eh Boosted low-pττT 0.65 % ± 0.01 % -0.65 % ± 0.01 %

µh Boosted high-pττT 1.48 % ± 0.03 % -0.81 % ± 0.01 %

eh Boosted high-pττT 1.35 % ± 0.03 % -1.04 % ± 0.02 %

τhadτhad VBF high-pττT 0.7372 % ± 0.0004 % -1.366 % ± 0.0004 %

VBF loose 1.75 % ± 0.07 % -2.22 % ± 0.09 %

VBF tight 0.423 % ± 0.008 % -0.56 % ± 0.01 %

Boosted low-pττT 0.83 % ± 0.01 % -1.02 % ± 0.02,%

Boosted high-pττT 1.59 % ± 0.03 % -2.11 % ± 0.04 %

Table 5.21: QCD scale uncertainties in the various signal regions for the VBF process.

In addition to the acceptance uncertainties, shape uncertainties on the fit variable

mMMC
ττ are taken into account. In the case of VBF and V H scale variations they are all

negligible. Figure 5.12 shows an example for VBF regions in the τhadτhad channel.
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(a) VBF loose (b) VBF tight

(c) VBF high-pττT

Figure 5.12: Effect of QCD scale uncertainties on the mMMC
ττ for the VBF process in

the τhadτhad VBF signal regions: loose (a), tight (b) and high-pττT (c).The yellow band

indicates Monte Carlo statistical uncertainties.

ggF scale uncertainties

The ggF scale uncertainties computed with the Stewart Tackmann method at truth level

and using the MCFM program, have been replaced by a method recommended by the

LHCHXSWG [25]. The uncertainties due to the QCD higher order corrections are split

into nine sources of uncertainties considered as uncorrelated. These sources of uncertain-

ties, which take into account also the effects of jet bin migration, are the following:

• Scale variations:

– ∆µ: factorization and renormalization scale variations.

– ∆φ: resummation scale variation.

– ∆
0/1
cut (∆

1/2
cut ): jet bin migration uncertainty between the 0 and 1-jet bins (and

the 1 and 2-jet bins), introduced by the binning cut.

• VBF topology uncertainties:
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– Variation of the VBF phase space.

– Third jet veto.

• Higgs pT-shape uncertainties:

– Higgs pT shape dependence within 0− 60/60−∞ GeV.

– Higgs pT shape dependence within 0− 120/120−∞ GeV.

• Top mass dependence.

The scale variations are established using the method described by Booughezal, Liu,

Petriello, Stewart and Tackmann in Yellow Report 4 [25]. This method utilizes the

framework of soft-collinear effective theory [124] for jet-veto resummation which allows

to control different sources of yield and migration uncertainties. It allows to separate

uncertainties due to higher fixed-order corrections and uncertainties due to higher order

pT logarithms arising from jet binning. The two VBF topology uncertainties are derived

using Yellow Report 3 methods [125] based on the Stewart-Tackmann method. The Higgs

pT shape variations are taken from QCD scale variations of Powheg NNLOPS. Finally,

the last uncertainty related to the top mass is derived from difference between LO and

NLO rescaling.

In order to be determined at reconstruction level, the variations are propagated as event

weights to the ggF samples and the uncertainties are then evaluated in each SR of the

analysis. In contrast to other signal theory uncertainties, no factorization in total cross

section uncertainty and shape/acceptance uncertainty is foreseen in this case. The results

for these uncertainties are reported in Tables 5.22 5.23 5.24 for the various channels while

in Figure 5.13 are visualized the effects of uncertainties on the mMMC
ττ distribution for the

τlepτhad channel (as example). All the systematics variations are rather small compared to

the statistical uncertainties. The uncertainties on the total cross section are disentangled

from that on the acceptance/shape with a dedicated procedure, before performing the fit.
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(a) eτhad boosted low-pττT (b) eτhad boosted high-pττT

(c) µτhad boosted low-pττT (d) µτhad boosted high-pττT

Figure 5.13: Effect of QCD scale uncertainties on the mMMC
ττ for the ggF process in the

τlepτhad boosted SRs (splitted by lepton flavour): eτhad boosted low-pττT (a), eτhad boosted

high-pττT (b), µτhad boosted low-pττT (c) and µτhad boosted high-pττT (d). The yellow band

indicates the Monte Carlo statistical uncertainties.

Parton shower uncertainties

Parton shower uncertainties at reconstruction level are evaluated only taking into account

the difference between two different parton shower algorithms, namely Pythia8 and

Herwig7, since, as truth level studies have shown, this is the largest uncertainty and

overlaps with the uncertainties derived from the AZNLO tune. The comparison has been

performed using fast simulation samples [126] for both Pythia and Herwig. Powheg

is able to generate events at NNLO but since the NNLO weights are not propagated to

Herwig, the comparison has been done at NLO for being consistent. The uncertainties

are then evaluated in each SR as the difference between the two MC programs and then

applied to the nominal Pythia sample. The results for acceptance uncertainties are

shown in Table 5.25 and 5.26 for ggF and VBF production respectively. Uncertainties

are quite large in particular for ggF samples in VBF regions and for VBF samples in

boosted regions. Figure 5.14 5.15 shows also the impact of uncertainties on the mMMC
ττ
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Channel Signal region Variation

τlepτlep VBF loose 23 % ± 4 %

VBF tight 26 % ± 4 %

Boosted low-pττT -8.8 % ± 0.4 %

Boosted high-pττT -4.8 % ± 0.2 %

τlepτhad VBF loose 18 % ± 3 %

VBF tight -13 % ± 2 %

Boosted low-pττT -5.1 % ± 0.3 %

Boosted high-pττT -24 % ± 1 %

τhadτhad VBF high-pττT 1.8 % ± 0.4 %

VBF loose 9 % ± 3 %

VBF tight 9 % ± 2 %

Boosted low-pττT 9.2 % ± 0.7 %

Boosted high-pττT 4.7 % ± 0.3 %

Table 5.25: Parton shower acceptance uncertainties for ggF production in the various

SRs.

distribution. The observed differences are quite large in some cases but almost always

within the statistical uncertainties (they suffer from lack of Monte Carlo statistics).

PDF uncertainties

PDF uncertainties evaluated at truth level have been replaced by the PDF uncertain-

ties evaluated at reconstruction level with the most recent reccomendations from the

PDF4LHC collaboration [99]. A single PDF set which is a combination of a suitable sub-

set of the available PDF sets is used along with 30 eigenvector variations and 2 variations

of αs. All the PDF and αs uncertainties are treated in the fit model as uncorrelated

nuisance parameters. In Tables 5.27 and 5.28 are quoted only the maximum up and

down variation for VBF and ggF production respectively.
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Channel Signal region Variation

τlepτlep VBF loose 1.32 % ± 0.06 %

VBF tight 0.65 % ± 0.02 %

Boosted low-pττT 4.3,% ± 0.2 %

Boosted high-pττT 9.9 % ± 0.3 %

τlepτhad VBF loose 5.5 % ± 0.3 %

VBF tight 10.7 % ± 0.3 %

Boosted low-pττT 7.9 % ± 0.3 %

Boosted high-pττT 5.4 % ± 0.2 %

τhadτhad VBF high-pττT 9.2 % ± 0.7 %

VBF loose -10 % ± 2 %

VBF tight 2.7 % ± 0.3%

Boosted low-pττT 18 % ± 2 %

Boosted high-pττT 2.2 % ± 0.2 %

Table 5.26: Parton shower acceptance uncertainties for VBF production in the various

SRs.

Channel Signal region maximum up variation maximum down variation

τlepτlep VBF loose 0.117 % ± 0.002 % -0.297 % ± 0.006 %

VBF tight 0.386,% ± 0.005 % -0.491 % ± 0.007 %

Boosted low-pττT 0.116 % ± 0.002 % -0.271 % ± 0.004 %

Boosted high-pττT 0.301 % ± 0.006 % -0.339 % ± 0.006 %

τlepτhad µτhad VBF loose 0.132 % ± 0.003 % -0.229 % ± 0.006 %

eτhad VBF loose 0.145 % ± 0.004 % -0.149 % ± 0.004 %

µτhad VBF tight 0.308 % ± 0.004 % -0.393 % ± 0.005 %

eτhad VBF tight 0.294 % ± 0.004 % -0.356 % ± 0.005 %

µτhad Boosted loose 0.163 % ± 0.003 % -0.183 % ± 0.003 %

eτhad Boosted low-pττT 0.086 % ± 0.002,% -0.247 % ± 0.005 %

µτhad Boosted tight 0.275 % ± 0.005 % -0.487 % ± 0.009 %

eτhad Boosted high-pττT 0.320 % ± 0.006 % -0.358 % ± 0.007 %

τhadτhad VBF high-pττT 0.91 % ± 0.02 % -0.93 % ± 0.02 %

VBF loose 1.33 % ± 0.06 % -1.26 % ± 0.06 %

VBF tight 1.13 % ± 0.02 % -1.12 % ± 0.02,%

Boosted low-pττT 1.44 % ± 0.03 % -1.01 % ± 0.02 %

Boosted high-pττT 0.97 % ± 0.02 % -0.98 % ± 0.02 %

Table 5.27: PDF and αs uncertainties for VBF production.
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Figure 5.14: Dependence of parton shower uncertainties for ggF production on the mMMC
ττ

in the τhadτhad SRs: boosted low-pττT (a), boosted high-pττT (b), VBF loose (c), VBF tight

(d), VBF high-pττT (e). The red markers represent the uncertainty derived from the ratio

Pythia/Herwig and applied to the nominal sample, and the black ones the nominal

sample (Pythia). The yellow band indicates Monte Carlo statistical uncertainties of the

nPythia sample produced in Fast Simulation and used for the evaluation of uncertainties.
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Figure 5.15: Dependence of parton shower uncertainties for VBF production on themMMC
ττ

in the τlepτlep SRs: boosted low-pττT (a), boosted high-pττT (b), VBF loose (c), VBF tight

(d). The red markers represent the uncertainty derived from the ratio Pythia/Herwig

and applied to the nominal sample, and the black ones the nominal sample (Pythia).The

yellow band indicates Monte Carlo statistical uncertainties of the nPythia sample pro-

duced in Fast Simulation and used for the evaluation of uncertainties.

5.7.4 Theoretical uncertainties on the backgrounds

Theoretical uncertainties are also considered for the simulated dominant Z → ττ back-

ground. The uncertainties taken into account are due to missing higher order QCD

corrections, PDF parametrization and parton shower and underlying event modelling. In

particular the following sources of uncertainties have been evaluated:

• µR/µF: variations of renormalization and factorization scales. It has been per-

formed using event weights provided by Sherpa.

• CKKW: uncertainty due to the matching between matrix element and parton

shower. It has been evaluated using truth level parametrisation as a function of jet

multiplicity and transverse momentum of the Z boson.
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Channel Signal region maximum up variation maximum down variation

τlepτlep VBF loose 1.47 % ± 0.06 % -1.32 % ± 0.05 %

VBF tight 1.64% ± 0.08 % -2.00 % ± 0.09 %

Boosted low-pττT 1.54 % ± 0.02,% -1.36 % ± 0.02 %

Boosted high-pττT 1.49 % ± 0.02 % -1.88% ± 0.02 %

τlepτhad µτhad VBF loose 1.5 % ± 0.1 % -1.3 % ± 0.1 %

eτhad VBF loose 1.3 % ± 0.1 % -1.2 % ± 0.1 %

µτhad VBF tight 1.7 % ± 0.1 % -1.9 % ± 0.1 %

eτhad VBF tight 1.6 % ± 0.1 % -1.8 % ± 0.1 %

µτhad Boosted low-pττT 1.52 % ± 0.03 % -1.381 % ± 0.03 %

eτhad Boosted low-pττT 1.46 % ± 0.03 % -1.33 % ± 0.03 %

µτhad Boosted high-pττT 1.49 % ± 0.03 % -1.91 % ± 0.04 %

eτhad Boosted high-pττT 1.45 % ± 0.03 % -1.79% ± 0.04 %

τhadτhad

VBF high-pττT 5.5 % ± 0.3 % -5.1 % ± 0.3 %

VBF loose 5.6 % ± 0.6 % -5.2 % ± 0.6%

VBF tight 5.5 % ± 0.6 % -5.1 % ± 0.5%

Boosted low-pττT 5.5 % ± 0.1 % -5.1 % ± 0.1 %

Boosted high-pττT 5.5 % ± 0.1 % -5.01 % ± 0.09 %

Table 5.28: PDF and αs uncertainties for ggF production.

• QSF: resummation scale uncertainty. It has been evaluated using truth level

parametrisation as a function of jet multiplicity and transverse momentum of the

Z boson.

• PDF: uncertainty due to PDF parametrization. It has been evaluated using event

weight provided by Sherpa.

• Parton Shower: this uncertainty has been evaluated comparing two different MC

generators, namely comparing the nominal sample, generated with Sherpa to an

alternative sample, generated with Madgraph5 aMC@NLO.

• Underlying event: in addition to the parton shower uncertainty, specific under-

lying event uncertainties have been evaluated using different setups of multi parton

interactions but they have found to be negligible.

The normalization of Z → ττ background is directly retrieved from fit to data. Two

different parameters are used in order to constrain separately the normalization in the

VBF and boosted SRs respectively. The Z → ττ modelling systematics are therefore not

allowed to change the overall yield within an inclusive region. Shape uncertainties on the

mMMC
ττ are considered as well as event migration between subregions: this is obtained by

scaling the uncertainty in a specific region by the impact of the variation in the respective

inclusive region. Additional uncertainties are considered for the variation in acceptance
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between the analysis channels and this is evaluated as the impact of the uncertainty on

the relative normalization of each channel with respect to the total expectation regardless

of the decay channel.

The parton shower uncertainties derived by comparing Sherpa and Madgraph5 aMC@NLO

partly overlap with the othe considered systematics, such as the ones due to the match-

ing between matrix element and parton shower and the resummation scale uncertainties.

However, this is the most conservative available way to evaluate them. Due to the limited

statistics, the Z → ττ parton shower uncertainty is evaluated in the preselection region

and then extrapolated to the SRs. This is done by computing the bin by bin ratio from

Madgraph to Sherpa comparison and then applying it to the nominal Sherpa distribu-

tion in each SR. Figure 5.16 shows the Madgraph and Sherpa distributions of Z → ττ

in the preselection, VBF inclusive and boosted inclusive regions for the τhadτhad channel.

The mMMC
ττ shape variation is similar between the preselection and boosted region while

this is a bit harder statement to made for the VBF region. Here, the statistics decreases

significantly for the Madgraph5 aMC@NLO sample leading to large fluctuations. Any-

way, considering also the Madgraph statistics, it has been decided to keep the variations

resulting from the preselection region.

For all simulated backgrounds, other than Z → ττ , no theoretical uncertainties are

considered as they were found to be rather small compared to the uncertainties of the dom-

inant backgrounds. In addition, all the other major sources of background as top-quark

in the τlepτlep and τlepτhad channels and Z → ll in the τlepτlep channel, are constrained

by CRs yields while the other minor backgrounds are normalized to their theoretical

prediction.

5.7.5 Experimental uncertainties

Various experimental systematic uncertainties are considered in the analysis. They are

related to trigger, object reconstruction, identification and also energy scale and resolu-

tion of the phyisics objects used: electrons, muons, τhad-vis, jets and Emiss
T . In addition,

uncertainties on the luminosity and pile-up are taken into account.

Electrons and muons related uncertainties are rather small. In the case of electrons, the

uncertainties on the energy scale are obtained from variation in the scale of electron mo-

mentum. Trigger, identification, reconstruction and isolation efficiencies uncertainties are

evaluated varying the errors on the trigger, identification, reconstruction and isolation

scale factors respectively. An uncertainty on the electron momentum resolution is con-

sidered as well.

For what concerns the muons, an uncertainty on the muon energy scale is considered

and calculated from variations in the scale of the muon momentum. Uncertainties on

the muon momentum resolution are evaluated considering variations of the ID and MS

tracks. Finally, uncertainties on the trigger, identification, isolation and track to vertex

association efficiency are calculated using variations on the errors of the respective scale

factors.

Uncertainties related to the τhad-vis are significant in this analysis and range from 2% to

14% depending on the uncertainty source. The uncertainties on the τhad-vis energy scale
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(a) Preselection (b) VBF inclusive

(c) Boosted inclusive

Figure 5.16: mMMC
ττ distribution for Z → ττ process in the τhadτhad preselection (a),

VBF inclusive (b) and boosted inclusive (c) regions, simulated with Sherpa and Mad-

graph5 aMC@NLO (they are normalized to the same area). The bottom panel shows

the ratio of Madgraph5 aMC@NLO to Sherpa, where the dashed band is the statistical

uncertainty of the nominal sample (Sherpa).

are determined by fitting the Z boson mass using Z → ττ events, reconstructed using

the visible τ decay products. Three indipendent sources of uncertainties are considered:

uncertainty related to the modeling of the detector geometry, due to the measurement in

a tag-and-probe analysis and due to the Monte Carlo simulation (Geant4). In addition,

trigger, identification and reconstruction efficiency uncertainties are considered as well as

an uncertainty related to the overlap removal with the electrons which affects the identi-

fication efficiency. These uncertainties have been evaluated using parameter variations in

the MC simulations both related to the theoretical simulation and to the interaction with

the detector and calorimeter response. Since most systematics uncertainties are deter-

mined by the studies of Z → ττ events, whose cross section drops significantly above the

Z pole, in some cases additional uncertainties referred to high pT τhad-vis (pT > 50 GeV)

are considered.

Jet related uncertainties are another important source of systematic uncertainties in the
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analysis. They are determined by comparing data with MC simulations and they are

dependent on the transverse momentum as well as on the pseudorapidity of the recon-

structed jet. Eleven independent sources of uncertainties are considered for the jet energy

resolution systematic (they correspond to different η regions). Jet energy scale uncer-

tainties are taken into account as well and factorized into eight principal components.

Additional uncertainties, considered in the analysis, are related to pile-up corrections,

b-tagging efficiencies, which are measured in dedicated calibration analysis, η dependence

and high-pT jets. Finally, an uncertainty associated to the jet vertex tagger algorithm is

considered. These uncertainties amount to 1-6% where the major contributions are from

some components of the jet energy resolution and scale uncertainties.

Uncertainties related to the missing transverse momentum are due to the soft term in the

Emiss
T calculation, because the uncertainties on the hard terms are already included in the

systematics related to the other physics objects mentioned. Uncertainties on the missing

transverse momentum scale and resolution are derived by comparing data to Monte Carlo

simulations.

Uncertainties on the luminosity affect the number of predicted signal and background

events. The uncertainty amounts to 2.1% for the 2015+2016 dataset and it is derived us-

ing both the LUCID-2 [127] detector measurements and the track-counting methodology

described in Ref. [44].

Monte Carlo simulations are performed using a generalized profile distribution of the

number of interactions per bunch crossing. Therefore, the simulated events need to be

reweighted to match the observed distribution in 2015 and 2016 data. For the best agree-

ment between data and MC a correction factor of 1.16 need to be applied. A systematic

uncertainty associated to this correction factor is then defined.

Examples on how experimental uncertainties affect the mMMC
ττ shape as well as the nor-

malization in the SRs are shown in Figure 5.17 for the τhadτhad channel. The choice of

uncertainties, regions and processes is just intended to be an example among the most

relevant sources of uncertainty.

5.8 Statistical analysis

The analysis results (and this applies to the measurement that will be illustrated in

Chapter 6 as well) are obtained through likelihood based statistical tests. Therefore,

before going into the specific details of this measurement (Section 5.8.2), a more general

introduction to the statistical methods employed, is given in Section 5.8.1.

5.8.1 Statistical framework

Likelihood-based statistical test

The search for new phenomena in high energy physics is generally performed in the con-

text of frequentist statistical tests [128]. The general approach is to define a null hypoth-

esis, H0, describing only the known processes and test it against the alternative signal

hypothesis, H1, which includes both signal and background. The agreement between

the observed data with a given hypothesisis is then quantified by computing a p-value,
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(a) (b)

(c) (d)

(e)

Figure 5.17: Example of experimental systematic uncertainties in the τhadτhad channel:

the leading jet energy resolution uncertainty component for Z → ττ process in the boosted

high-pττT region (a), tau energy scale uncertainty related to the modeling of detector geom-

etry for Z → ττ process in the boosted high-pττT region (b), tau energy scale uncertainty

related to the tag and probe measurement in the boosted high-pττT (c), one of the jet

energy resolution uncertainty components for Z → ττ process in the VBF loose category

(d) and the leading jet energy resolution uncertainty component for the misidentified τ

process in the VBF category (e).
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namely the probability, when the null hypothesis is true, to obtain a result of equal or

greater incompatibility with respect to what is observed. For example, this measure of

incompatibility, can be based on the number of events found in specific regions for certain

distributions. The significance is often used instead of the p-value. It is defined as the

number of equivalent standard deviations of a gaussian distribution when the integral of

the upper tail is equal to the p-value:

Z = Φ−1(1− p)

Φ(x) =

∫ x

−∞
dx′

1√
2π
e−(x′2/2)

(5.14)

where Φ is the cumulative distribution of the standard gaussian and Φ−1 is the quan-

tile, namely the inverse of the cumulative distribution of the standard gaussian.

Usually, in high energy physics, an evidence is claimed with Z = 3 corresponding to a

p-value, p = 1.35× 10−3, while a discovery is claimed only when reaching at least Z = 5

which corresponds to p = 2.87× 10−7 (considering one-sided interval as will be discussed

later in this Section).

The procedure often used as a test statistic in high energy physics, is the profile likelihood

ratio test and according to the Neyman-Pearson lemma [129], this is the test statistic pro-

viding the best discriminating power. In particle physics, the events are usually classified

in different channels and for each channel the observed number of events (ni) is compared

to the expected number of signal (si) and background events (bi). For instance, consider

an experiment where a certain observable has been measured and the resulted data can

be represented as histograms. Suppose for each event one measures a variable x in order

to build the histogram n = (n1, ..., nN ). For each histrogram bin the expectation value

can be written as:

E[ni] = µsi + bi (5.15)

where si and bi are the mean number of entries of signal and background respectively

and they can be expressed as:

si = stot

∫
i

fs(x; ~θs)dx

bi = btot

∫
i

fb(x; ~θs)dx

(5.16)

The parameter µ in Equation 5.15 represents the strength of the signal process: µ = 0

for the background-only hypothesis and µ = 1 for the expected signal hypothesis. The

functions fs and fb in Equation 5.16 are the probability density functions (pdfs) of the

variable x for the signal and background respectively. ~θs and ~θb are further parameters

that can change the shape of the pdfs. Finally, stot and btot are the total mean numbers

of signal and background events.

The µ parameter is generally refered to as the ”parameter of interest” because it is the

parameter that we want to measure and can be retrieved from the fit to data. In addition,
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systematic uncertainties must always be taken into account in an experimental measure-

ment and therefore they are included in the set of θ parameters, which are generally a

function of ~θ = (~θs, ~θb, btot) and are known as nuisance parameters (NPs). The values of

NPs are not simply known a priori but they can be derived from the fit to data as well.

However, systematic uncertainties are generally constrainted by subsidiary measurements

(or they are derived from calculations such as in the case of theoretical uncertainties).

The likelihood function is then the product of Poisson probabilities for all the bins de-

scribing the observed number of events and the pdfs (fθ) representing the systematic

uncertainties:

L(µ, θ) =

N∏
j=1

(µsj + bj)
nj

nj !
e−(µsj+bj)

M∏
k=1

fθ,k(θ̃k, θk) (5.17)

One can say that the likelihood is the joint pdf for the observed data, even though the

data are fixed and the likelihood is a function of µ and θ. The θ̃ variable in Equation 5.17

is the value provided by the subsidiary measurement around which the θ parameter can be

varied. Different distributions can be used for the term accounting for systematic uncer-

tainties and the specific case of this measurement will be described in Section 5.8.2. The

additional flexibility given by adding more degrees of freedom introduced for parametriz-

ing systematic uncertainties, results, as expected, in a loss in sensitivity.

In order to test an hypothesized value of µ we consider the following profile likelihood

ratio:

λ(µ) =
L(µ,

ˆ̂
θ)

L(µ̂, θ̂)
(5.18)

Here
ˆ̂
θ in the numerator represents the value of θ that maximizes the likelihood for

the value of µ that is being tested, namely it is the conditional maximum likelihood (ML)

estimator of θ. In the denominator, both µ and θ are varied and µ̂ and θ̂ represent the

values that maximize (unconditionally) the likelihood function, therefore they are the

ML estimators of µ and θ. The presence of nuisance parameters broadens the profile

likelihood, thus reflecting the loss of information due to systematic uncertainties.

The value of λ(µ) is in the range 0 ≤ λ ≤ 1 as it can be seen from Equation 5.18 where the

closer the value is to 1, the higher is the agreement between data and the hypothesized

value of µ. Instead of using λ(µ) it is convenient to use the statistic:

tµ = −2 lnλ(µ) (5.19)

The maximization of the profile likelihood is then converted into a minimization and

the logarithm transforms the product into sum of terms. tµ can be used directly to

measure the discrepancy between data and the hypothesis, considering that higher values

of tµ correspond to higher disagreement. This disagreement can be quantified by the

p-value:

pµ =

∫ ∞
tµ,obs

f(tµ|µ)dtµ (5.20)
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where tµ is the value of the test statistic obtained from the data and f(tµ|µ) is the pdf

of tµ assuming the hypothesized value for µ. This p-value represents then the probability

for the test statistic to be larger (or lower) than the observed value, under the assumption

of a certain µ value (signal plus background hypothesis). The p-value is maximum for

µ̂ = µ, and decreases as µ takes values larger or smaller than µ̂. Thus, one may obtain a

two-sided interval for µ and if interested in only one of the directions, a one-sided interval

can be determined. Figure 5.18 shows a general illustration of the relation between test

statistic and p-value and significance and p-value.

(a) (b)

Figure 5.18: Relation between the p-value obtained from the observed value of the test

statistic (a) and a gaussian distribution (φ(x)) showing the relation between the signifi-

cance (Z) and the p-value.

If the signal can only increase the event rate beyond what is expected for the back-

ground, the test statistic is further modified. This implies having µ ≥ 0 and in case a

value of µ̂ < 0 is found, this means that the best agreement between data and µ is the

signal free hypothesis, µ = 0. The test statistic can then be rewritten as:

t̃µ = −2 ln λ̃(µ) =


−2 ln L(µ,

ˆ̂
θ(µ))

L(0,
ˆ̂
θ(0))

µ̂ < 0

−2 ln L(µ,
ˆ̂
θ(µ))

L(µ̂,θ̂)
µ̂ > 0

(5.21)

The disagreement between data and the hypothesized µ value can be computed in the

same way as for the case aforementioned (using the p-value from Equation 5.20). The

estimated µ̂ value can be greater or less than the µ value being tested in this case as well,

thus obtaining either a two-sided or one-sided interval.

Another important test statistic employed in high energy physics, assumes µ ≥ 0 but it

is used to test the µ = 0 hypothesis, hence the purpose is to reject the background-only

hypothesis. The Equation 5.21 can then be rewritten for the case µ = 0:

q0 =

{
−2 lnλµ = 0 µ̂ ≥ 0

0 µ̂ < 0
(5.22)
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In this particular test statistic the disagreement between data and background-only

hypothesis is considered only when µ̂ = 0. In case the expected data do not show any

deviation from the background prediction or they are even smaller, the test statistics

gives q0 = 0 corresponding to the case where the data are described by the background

prediction. As the event yield increase over the expected background, the disagreement

between data and the µ = 0 hypothesis increases. In order to quantify the disagreement

a p-value for this case can be defined:

p0 =

∫ ∞
q0,obs

f(q0|0)dq0 (5.23)

where f(q0|0) is the pdf of the test statistic q0 under the assumption of the background-

only hypothesis (µ = 0).

Limits setting

In the case of no significant excess is found, limits on the signal stregth can be derived,

using the definition of CLs [130]:

CLs(µ) =
pµ

1− pb
(5.24)

If a CLs ≤ α is found, assuming the signal plus background hypothesis, then this

hypothesis is excluded with (1− α) confidence level (C.L.). The upper limit on µ, deter-

mined with (1−α) C.L., correspond to the µ value that leads to CLs = α. Conventionally,

the signal plus background hypothesis can be excluded with CLs < 0.05, therefore with

95% C.L..

Asimov data set and expected significance

In order to investigate the potential and to optimise the sensitivity of an analysis, an

expected significance is defined. Furthermore analysis are often ”blinded” before the whole

analysis strategy is finalized, meaning that it is not possible to look at data distributions

in order not to be biased by them.

For quantifiying the expected sensitivity, the idea is to build an artificial dataset called

the Asimov dataset. This dataset is defined such that, when using it for evaluating

the estimators of the parameters, one obtains their ”true” values. In particular, the

ML estimators of µ and θ parameters assume the values predicted by the signal plus

background hypothesis, namely µ = 1 and the input values for the nuisance parameters.

The Asimov dataset represents then the model prediction assuming the presence of a

signal.

From the Asimov dataset one can extract the expected significance, defined as the median

of the inverse cumulative gaussian distribution, and, under the asymptotic approximation,

its expression is [128]:

Zexp =

√
−2lnλ(µ̂0, θ̂0) (5.25)

where µ̂0 and θ̂0 are the ML estimators of µ and the θ for the Asimov dataset.
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5.8.2 H → ττ fit model

The H → ττ fit model is based on the statistical framework already described in Sec-

tion 5.8.1. The specific details of this analysis will be illustrated in this section.

Likelihood function and statistical test

The statistical analysis employs a binned likelihood function built as the product of the

Poisson probability terms for each histogram bin in each signal and control regions and

the term accounting for the systematic uncertainties. Therefore, the likelihood is the

same as Equation 5.17 where the product also runs over all the regions. The SRs and

CRs used in the fit are the same described in Section 5.5.2. In summary, the following

regions are employed: one high-pττT and one low-pττT boosted region for each channel, one

VBF tight and one VBF loose region for each channel and one VBF high-pττT region for

the τhadτhad channel and in addition one VBF and one boosted Z → ll control regions

for τlepτlep and one VBF and one boosted top control region for τlepτlep and τlepτhad. In

the SRs the binned mMMC
ττ distribution is employed in the fit (Figure 5.3 and Figure 5.4

shows the exact binning used in the fit for the τhadτhad channel) while CRs are only used

to constrain the normalization of backgrounds, therefore they are represented by one-bin

histogram containing the event yield. All the main Higgs production modes, ggF, VBF,

V H and tt̄H, are considered as signal and the relative systematic uncertainties are used

separately in the fit. The most significant backgrounds, Z → ττ and the misidentified τ ,

are also considered separately. In addition, Z → ll and top-quark backgrounds are con-

sidered as additional separate backgrounds in the τlepτlep and τlepτhad channels. Minor

backgrounds as diboson production, W/Z bosons electroweak production are considered

together in addition to Z → ll and top-quark for the τhadτhad channel.

All the other parameters beside the parameter of interest are included in the fit as nui-

sance parameters. These can refer to systematic uncertainties, normalization factors for

backgrounds, which are left free to float in the fit, as well as bin by bin statistical uncer-

tainties which are also encoded as nuisance parameters. In this analysis, the pdf fθ(θ̃, θ) in

Equation 5.17 assumes different expressions according to the type of nuisance parameter:

• A gaussian distribution is the default choice for parametrizing systematic uncer-

tainties. The θ parameter is varied around θ̃ in the likelihood maximization. The

pdf is hence given as:

fθ(θ̃, θ) =
1√
2πσ

exp

(
− (θ − θ̃)2

2σ2

)
(5.26)

• The gaussian distribution is not suitable for the nuisance parameters that have to

be positive. Therefore, for all the normalization factors the log-normal distribution

is used instead:

fθ(θ̃, θ) =
1√

2π ln(k)
exp

(
− (ln(θ/θ̃))2

2(ln k)2

)
1

θ
(5.27)
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where k is the width of the log-normal pdf, meaning that the observable has 68%

probability to be in the range θ̂/k < θ < θ̂k. For small uncertainties, the Gaussian

with a relative uncertainty ε and the log-normal with k = 1 + ε are asimptotically

identical.

• The gamma distribution is used for bin-by-bin statistical uncertainties:

fγ(n) = α
(nα)N

N !
exp (−nα) (5.28)

where the event yield N is decomposed in the nominal yield n and a factor α

parametrizing the relative statistical uncertainty. The parameter α can be further

decomposed into a variable which accounts for the statistical uncertainty δ and a

parameter γ which reflects the fact that the predicted yield n can be varied by a

certain amount. The γ parameter is then extracted from the fit. In the analysis

only one nuisance parameter per bin is associated to the total estimate and the total

statistical uncertainty in that bin [131].

The systematic uncertainties can affect both the shape and the normalization of the

observable. Usually two variations are provided for each systematic: one corresponding

to the +1σ variation of the nuisance parameter and the other one corresponding to the

−1σ variation. Indeed the uncertainties are extracted by varying the nuisance parameters

within ±σ and then repeating the fit.

Some background processes, as already mentioned, are left free to float in the fit. This

concerns all the background processes associated with dedicated CRs with one normal-

ization factor (NF) associated to each region, namely one VBF and one boosted top NF

for τlepτlep, one VBF and one boosted Z → ll NF for τlepτlep, one VBF and one boosted

top NF for τlepτhad. In addition, the Z → ττ and the misidentified τ backgrounds have

also normalizations which are retrieved from the fit. Two NFs are associated to the

Z → ττ process, one correlated across all the VBF regions and one correlated across all

the boosted regions. One NF is used instead for the misidentified τ background, corre-

lated across all the τhadτhad regions, while for the other two channels the normalization of

this background is fixed before performing the fit. A summary of the H → ττ fit model

is shown in Figure 5.19.

The fit model described so far has a quite high complexity due to the large number of

regions and especially to the very large number of nuisance parameters. Moreover, many

shape systematic variations are dominated by statistical noise due to the lack of statistics

of some samples in certain regions. Therefore in order to suppress the statistical noise,

avoiding to remove genuine shape variations, and reducing the complexity of the fit, the

following procedures have been applied:

• Symmetrisation: in the case of shape systematics, it may happen to have the +1σ

and −1σ variation lying in the same direction for certain histograms bins (one-sided

bin). This can introduce discontinuity in the fit and the presence of double minima

for the ML estimators in the likelihood minimization. For each one-sided bin the

largest variation is kept and symmetrized in the opposite direction.
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Figure 5.19: Summary of the fit model used in the analysis. All the signal and control

regions used in the fit are shown. Different colors correspond to different background

components with a separate normalization factor.

• Pruning: some nuisance parameters have a completely negligible effect on the ob-

served distribution and can be dropped simplifying the fit without any impact on

the parameter estimation. NPs are therefore considered only if they fulfill some

requirements. The exact tresholds have been optimised such that only negligible

uncertainties are removed.

Firstly all normalization variations are considered if their impact is larger than 0.5%

or smaller than the statistical uncertainty of the respective sample.

Then, several criteria are applied to the shape components of the systematics. A

large statistical uncertainty can cause artificial large shape variation due to sta-

tistical fluctuation. Therefore shape systematics are pruned away when the total

statistical uncertainty is greater than 10%.

A further step is performed using a χ2 test between the +1σ and the −1σ varia-

tions with respect to the nominal and considering as statistical uncertainty only the

largest between the nominal and the variation (since they are generally correlated).

If the χ2 result is lower than a given treshold (p-value< 0.1), the uncertainty is not

considered significant and it is pruned away.

Lastly a bin-by-bin significance is calculated as Si = |ui − di|/σtoti where ui (di)

are the +1σ and the −1σ event yield in the bin i respectively and σtoti is the total

statistical uncertainty for all background components. If the significance is lower

than a given treshold (Si < 0.1) for all bins, than the shape systematic is considered

non-significant.
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• Smoothing: to further reduce statistical noise a smoothing procedure is employed.

This procedure relies on a quadratic extrapolation and it is applied to the ratio of

the varied histogram over the nominal histograms [132]. Applying it to the ratio

and not to the shape variation itself ensure that only statistical effects are treated

and no physical effect, like the presence of a peak, is smoothed.

An example of the procedures aforementioned is given in Figure 5.20 where the mMMC
ττ

distributions for some systematic uncertainties is shown before and after applying these

procedures. Figure 5.20 shows different examples: a systematic uncertainty considered

negligible, one accepted and one where the symmetrisation procedure has been applied.

(a) (b)

(c)

Figure 5.20: Examples of simplifications procedures applied before performing the fit:

Z → ττ scale uncertainty in the τhadτhad VBF high-pT region considered negligible (a),

Z → ττ CKKW uncertainty in the τhadτhad boosted high-pT region accepted as both

normalization and shape systematic (b), one of the jet energy resolution systematic com-

ponent for the τhadτhad boosted high-pT region where the symmetrisation has been applied

(c). The solid lines represent the distributions before applying the procedures mentioned

in the text while the dashed lines are the distributions after applying them.
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The test statistic used in the analysis to extract the signal strength is the tµ test

statistic defined in Equation 5.21, which reduces to the q0 test statistic (Equation 5.22)

in order to quantify the significance of any excess in data, namely to test the compati-

bility between the background-only hypothesis and the observed data. All the statistical

analysis from the likelihood construction to the profile likelihood ratio test statistic have

been performed using a framework based on the RooFit and RooStats packages [133].

5.9 Results

The results of this analysis will be summarised in this section with particular emphasys

on the τhadτhad channel. When the results are referred to the τhadτhad channel only this

means that the τhadτhad standalone fit has been performed, namely a fit which is reduced

to only the τhadτhad regions and the two Z → ττ normalization factors are retrieved using

only the VBF and boosted τhadτhad regions respectively. Furthermore, some results may

be referred to the VBF only or to the boosted only regions, meaning that the fit has been

performed considering only the boosted or the VBF subregions.

In addition to the observed results, expected results will be presented as well, obtained

using an Asimov dataset as described in Section 5.8.1, where all the observed data are

replaced by the SM prediction and the nuisance parameters are set to their nominal value.

5.9.1 Expected results

A maximum likelihood fit using Asimov data has been firstly performed as this can be used

to validate the fit model. In addition, it gives useful insights on the expected significance

which is used to optimise the analysis.

H → τhadτhad

In this section, results referred to the τhadτhad standalone maximum likelihood fit are

discussed.

The default parameter of interest used in the fit is the signal strength µ, i.e. the ratio of

measured signal yield to its SM prediction, µ = σobs

σSM
. Therefore, if not stated otherwise,

we will refer to the signal strength as the parameter of interest.

The compatibility between the background-only hypothesis and the observed data is es-

tablished using the q0 test statistic as explained in Section 5.8.1. The compatibility is then

quantified by the p-value and the equivalent expected significance, which are reported in

Table 5.29. In addition, a fit where all the nuisance parameters are kept fixed to their

nominal value, meaning that the systematic uncertainties do not affect the result and

only the statistical uncertainties have an impact. These significances are also quoted in

Table 5.29 where the large impact of systematic uncertainties, resulting in a ∼ 22% drop

in sensitivity, is shown.

The behaviour of the NPs is highly important for validating the fit model. The impact

of each NP on the measured parameter of interest can be derived by shifting a given NP to

its ±1σ uncertainty and then repeating the fit for the other NPs. The difference between

the resulted µ̂ and the unconditional ML estimator µ determines the impact on the signal
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Zexp-stat+syst[σ] p-value (stat+syst) Zexp-stat[σ] p-value(stat)

VBF 1.84 0.033 2.45 7.2× 10−3

Boosted 1.85 0.032 2.67 3.8× 10−3

Combined 2.84 2.3× 10−3 3.63 1.4× 10−4

Table 5.29: Expected significances and p-values in the τhadτhad channel. The significances

and p-values are reported both for the case where all the NPs are included as free floating

parameters in the fit and both for the case where they are fixed to their nominal value.

strength. Furthermore the differences between pre-fit and post-fit nominal values and

uncertainties of each NP are crucial for monitoring the fit behaviour. Therefore it is

useful to display the difference between the extracted value from the fit of each NP and

its nominal input value, normalized to the NP pre-fit uncertainty (the so called ”pulls”).

The fit can prefer different θ values with respect to the nominal ones and then it is

actually able to modify the background prediction. In addition, the ±1σ uncertainties

can be equal or shifted from their pre-fit values, more precisely the uncertainties can be

smaller than the pre-fit ones resulting in a constraint of the NP. A constrained NP must

always be investigated since this could indicate a bad behaviour of the fit, otherwise if

the constraint is considered real this means that an higher precision for the NP can be

achieved with the actual data and the pre-fit estimation may be too much conservative.

All the NPs features described so far are represented in Figure 5.21 where the NPs are

listed in decreasing order of their impact on the signal strength. Both the uncertainties

and the pulls can be visualised in this plot.

All the NPs in Figure 5.21 are not pulled since the results shown in this Section are

the expected results obtained by using an Asimov dataset where the NPs are set to their

input values. Therefore, by construction we expect all the NPs to have their best-fit

values equal to their input values. Experimental systematic uncertainties are dominant

in the case of VBF region while some theoretical uncertainties appear in the highly ranked

systematics for the boosted region, specifically systematics referring to ggF parton shower

and to ggF and Z → ττ QCD scale. In the combined τhadτhad fit, uncertainties on the

normalization of Z → ττ have a large impact (from both the VBF and the boosted region).

In addition, some jet energy resolution uncertainties are between those highly ranked as

well as τ related uncertainties and signal and Z → ττ theory uncertainties, where the

latter are particularly driven by the boosted region. One of the components of jet energy

resolution uncertainties (”jer np 0”) shows a significant constraint as it can be also seen

in Figure 5.22 where the pulls and constraints for all the NPs are shown. The reason

for the behaviour of this NP, which has shown similar constraints in the other channels,

has been investigated in the analysis. In the case of real τ events the mMMC
ττ distribution

is sensitive to the jet related uncertainties beacuse the di-τ events are characterised by

jets that recoil against the two τ . Therefore, jet related uncertainties cause a shift in

the mean jet pT that directly translates into a shift of the Emiss
T , that in turns affects

the mMMC
ττ reconstruction (shifted to higher values as demonstrated by Figure 5.17). The

constraint originates from the measurement of the Z peak position which is apparently
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(a) τhadτhad boosted (b) τhadτhad VBF

(c) τhadτhad combined

Figure 5.21: Expected impact of nuisance parameters on the signal strength for the

τhadτhad channel standalone fit in the case of boosted region (a), VBF region (b) or

combining all the regions (c). The uncertainties are listed in decreasing order of their

impact on µ and only the 15 most highly ranked uncertainties are shown. The hatched

blue and the open blue boxes represent the +1σ and the −1σ uncertainties respectively

while the yellow box represent the pre-fit ones. Their fractional impact is shown referring

to the top x-axis. The pulls and constraints of the uncertainties are indicated by the

black points and lines, referring to the bottom x-axis. If the uncertainty is not pulled nor

constrainted the pull is 0 and the lines lie between +1 and −1.
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more sensitive in the analysis phase space than in the subsidiary measurement done by

ATLAS [76].

Figure 5.22: Expected nuisance parameters pulls for the τhadτhad channel standalone fit.

Other constraints can be observed for the uncertainties related to the τ reconstruction
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and identification. The τhadτhad channel probes very specific phase space with respect

to the ATLAS performance measurement [81, 82], mostly based on Z → τlepτhad decays,

therefore the constraints are somehow expected.

Another useful check consists in monitoring the correlation between NPs built by the

fit. Figure 5.23 shows the correlations between NPs which are higher than 0.25 in the

τhadτhad channel (signal strength and normalization factors are considered as well). A

clear correlation between the VBF and boosted Z → ττ NF is observed and can be

expected as the normalization of the Z → ττ affects the two categories similarly. Beside

that, an anti-correlation between Z → ττ NFs and the uncertainty on the τ identification

efficiency can also be noticed.
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Figure 5.23: Expected nuisance parameters correlation for the τhadτhad channel standalone

fit. Only the nuisance parameters with absolute correlation higher than 0.25 are shown.

An unconditional maximum likelihood fit is then performed in order to extract the

parameter of interest µ. The resulting µ for the τhadτhad standalone fit is reported in

Table 5.30 together with its statistical and systematic uncertainties. Furthermore, the

impact of different groups of systematic uncertainties is also quoted. This is obtained

as for the nuisance parameters ranking, by fixing the NPs corresponding to a certain

category and repeating the fit. As expected, the resulting value for µ is 1 since the fit has

been conducted using an Asimov dataset. From Table 5.30 it is possible to notice how

the τhadτhad channel (but this is valid for the combined result as well) is dominated by

systematic uncertainties rather than the statistical ones, arising particularly from jet and

missing transverse energy related uncertainties, from signal theory systematics as well as

from Monte Carlo statistics.



118 5.9 Results

POI Central Value

µ 1

Set of nuisance Impact on uncertainty

parameters

Total +0.44 / -0.38

Data statistics +0.24 / -0.23

Total systematic unc. +0.37 / -0.30

Z → ττ normalization +0.16 / -0.08

All normalizations +0.16 / -0.09

All but normalizations +0.36 / -0.29

Jets and Emiss
T +0.20 / -0.15

Flavor tagging +0.00 / -0.00

Electrons and muons +0.00 / -0.00

Taus +0.17 / -0.11

Pileup reweighting +0.02 / -0.01

Misedintified τ +0.04 / -0.03

Luminosity +0.02 / -0.01

Signal theory unc. +0.16 / -0.08

Z → ττ theory unc. +0.08 / -0.08

MC statistics +0.17 / -0.16

Set of nuisance Fractional impact on uncertainty

parameters (square of fraction of total)

Data statistics +0.28 / -0.37

Total systematic unc. +0.72 / -0.63

Z → ττ normalization +0.13 / -0.05

All normalizations +0.13 / -0.06

All but normalizations +0.67 / -0.58

Jets and Emiss
T +0.19 / -0.16

Flavor tagging +0.00 / -0.00

Electrons and muons +0.00 / -0.00

Taus +0.2 / -0.08

Pileup reweighting +0.002 / -2.8e-05

Misedintified τ +0.007 / -0.006

Luminosity +0.003 / -0.001

Signal theory unc. +0.13 / -0.04

Z → ττ theory unc. +0.03 / -0.04

MC statistics +0.15 / -0.18

Table 5.30: Expected impact of uncertainties, grouped in categories, on the signal strength

for the τhadτhad channel standalone fit. On the left absolute values are shown while on

the right the fractional contribution is given.

Combined

The results obtained in the τhadτhad channel are combined with those of the τlepτlep and

τlepτhad channels, using a combined likelihood fit performed as described in Section 5.8.2.

The expected significances reached in each channel and for the combined result are pre-

sented in Table 5.31.

Combined τlepτlep τlepτhad τhadτhad

Zexp[σ] 4.48 1.20 2.81 2.84

Table 5.31: Expected significances in each channel and for the combined result.

The sensitivity is mainly driven by the τlepτhad and the τhadτhad channels, with the

sensitivity reached in τhadτhad being slightly higher. The NPs ranked in order of decreas-

ing impact on the signal strength are shown in Figure 5.24. It is interesting to notice that

many signal theory uncertainties have a large impact, particularly almost all the compo-

nents of QCD scale uncertainties for the ggF process and parton shower uncertainties,

with the highest ranked being the Higgs transverse momentum shape dependence. In

addition, uncertainty on the Z → ττ normalization and jet energy scale and resolution

uncertainties are highly ranked as well. The most constrained nuisance parameters are

shown in Figure 5.25. The same statements made for the τhadτhad channel are valid for

the combined result as well, either because the constraints are driven by the τhadτhad

channel or beacuse the NPs present a similar behaviour in the other two channels. The
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correlations among NPs higher than 25% are shown in Figure 5.26. Beside the correlations

between Z → ττ normalization in the boosted and vbf region, already discussed for the

τhadτhad channel, other major anticorrelations involve the two normalization factors of the

Z → ll background in the τlepτlep channel with a jet energy scale component uncertainty

for this specific process, decorrelated from the rest of the uncertainty. In addition, anti-

correlations between the Top background normalization in the τlepτhad channel and the

uncertainty related to the statistics of the misidentified τ template in the same channel

can be noticed.

Finally the extracted value from the fit of the signal strength is given in Table 5.32 to-

gether with its uncertainties. The contribution of systematic uncertainties is significant

here as well, as already illustrated for the τhadτhad channel. The main uncertainties arise

from jet and missing transverse energy related systematics, signal theory systematics as

well as Monte Carlo statistics.

POI Central Value

µ 1

Set of nuisance Impact on uncertainty

parameters

Total +0.28 / -0.25

Data statistics +0.16 / -0.15

Total systematic unc. +0.23 / -0.20

Z → ττ normalization +0.06 / -0.04

All normalizations +0.07 / -0.05

All but normalizations +0.22 / -0.19

Jets and Emiss
T +0.11 / -0.09

Flavor tagging +0.03 / -0.02

Electrons and muons +0.01 / -0.01

Taus +0.06 / -0.04

Pileup reweighting +0.01 / -0.01

Misedintified τ +0.04 / -0.03

Luminosity +0.03 / -0.02

Signal theory unc. +0.13 / -0.09

Z → ττ theory unc. +0.05 / -0.04

MC statistics +0.10 / -0.10

Set of nuisance Fractional impact on uncertainty

parameters (square of fraction of total)

Data statistics +0.31 / -0.38

Total systematic unc. +0.69 / -0.62

Z → ττ normalization +0.05 / -0.02

All normalizations +0.06 / -0.03

All but normalizations +0.63 / -0.55

Jets Emiss
T +0.14 / -0.12

Flavor tagging +0.01 / -0.008

Electrons and muons +0.002 / -0.001

Taus +0.04 / -0.03

Pileup reweighting +0.002 / -0.0004

Misedintified τ +0.02 / -0.02

Luminosity +0.01 / -0.008

Signal theory unc. +0.23 / -0.12

Z → ττ theory unc. +0.03 / -0.03

MC statistics +0.14 / -0.15

Table 5.32: Expected impact of uncertainties, grouped in categories, on the signal strength

for the combined H → ττ fit. On the left absolute values are shown while on the right

the fractional contribution is given.
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Figure 5.24: Expected impact of nuisance parameters on the signal strength for the

combined H → ττ fit. The uncertainties are listed in decreasing order of their impact

on µ and only the 25 most highly ranked uncertainties are shown. The hatched blue and

the open blue boxes represent the +1σ and the −1σ uncertainties respectively while the

yellow box represent the pre-fit ones. Their fractional impact is shown referring to the top

x-axis. The pulls and constraints of the uncertainties are indicated by the black points

and lines, referring to the bottom x-axis. If the uncertainty is not pulled nor constrainted

the pull is 0 and the lines lie between +1 and −1.
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Figure 5.25: Expected nuisance parameters pulls for the combined H → ττ fit. Only the

parameters for which the post-fit uncertainty is less than 75% of the pre-fit uncertainty

are shown.
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Figure 5.26: Expected nuisance parameters correlation for the combined H → ττ fit.

Only the nuisance parameters with absolute correlation higher than 0.25 are shown.



122 5.9 Results

5.9.2 Observed results

After the analysis optimization, done performing a fit to Asimov data, the observed results

are finally derived through a maximum likelihood fit where the data are used in all the

signal and control regions.

H → τhadτhad

Before performing the actual fit to data, a fit, which still employs an Asimov data but

built using NPs and NFs evaluated in a data fit, has been performed. This allows to have

a more realistic prediction for the expected results since the NPs and NFs central values

are set to the values determined in a fit to data. Significances for this kind of fit are given

in Table 5.33.

Zexp[σ] p-value

VBF 1.78 0.038

Boosted 1.80 0.036

Combined 2.85 2.2× 10−3

Table 5.33: Expected significances and p-values in the τhadτhad channel calculated in a fit

where the Asimov dataset is built using nuisance parameters and normalization factors

evaluated in a fit to data.

The observed significances are instead presented in Table 5.34. We observe a decrease

in sensitivity for the τhadτhad channel with respect to the expected one (similarly in the

VBF and Boosted regions).

Zobs[σ] p-value

VBF 1.40 0.08

Boosted 1.24 0.11

Combined 2.21 0.014

Table 5.34: Observed significances and p-values in the τhadτhad channel.

The observed impact of NPs on the signal strenght can be seen in Figure 5.27. The

NPs show a similar behaviour as for the expected results, similar ranking and similar

constraints are observed, as demonstrated also by Figure 5.28. Jet related uncertainties,

uncertainty on the Z → ττ normalization and tau related uncertainties have a significant

impact. In addition, jet related uncertainties are in some cases strongly constrained and

also shifted from their nominal value. The same reasons for the constraints, explained for

the expected results, apply to the observed results as well, while some more details on

the pulls of NPs will be discussed for the combined H → ττ results as these pulls affect

the other channels as well. Finally, Figure 5.26 shows the correlation among NPs which

exhibits no particular unforeseen behaviour with respect to the expected results.
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The observed µ extracted from the fit is:

µ = 0.73+0.41
−0.35 (5.29)

which is also given in Table 5.35 together with the impact of the various types of

uncertainties. The observed µ indicates an observed yield for signal compatible the SM

prediction. The uncertainties exhibit a slightly higher impact than expected (Table 5.30)

but their relative weight follows expectations. Therefore, the most significant contribu-

tions come from jet and missing transverse energy related uncertainties, signal theory

uncertainties, tau related uncertainties as well as Monte Carlo statistics. Moreover, in

Table 5.36 are reported all the normalization factors as determined from the fit.

POI Central Value

µ 0.73

Set of nuisance Impact on uncertainty

parameters

Total +0.41 / -0.35

Data statistics +0.23 / -0.22

Total systematic unc. +0.34 / -0.27

Z → ττ normalization +0.13 / -0.06

All normalizations +0.13 / -0.07

All but normalizations +0.33 / -0.25

Jets and Emiss
T +0.19 / -0.14

Flavor tagging +0.00 / -0.00

Electrons and muons +0.00 / -0.00

Taus +0.13 / -0.06

Pileup reweighting +0.01 / -0.00

Misedintified τ +0.05 / -0.04

Luminosity +0.02 / -0.01

Signal theory unc. +0.16 / -0.07

Z → ττ theory unc. +0.09 / -0.07

MC statistics +0.16 / -0.16

Set of nuisance Fractional impact on uncertainty

parameters (square of fraction of total)

Data statistics +0.31 / -0.40

Total systematic unc. +0.69 / -0.60

Z → ττ normalization +0.10 / -0.03

All normalizations +0.10 / -0.04

All but normalizations +0.64 / -0.54

Jets and Emiss
T +0.22 / -0.16

Flavor tagging +0.00 / -0.00

Electrons and muons +0.00 / -0.00

Taus +0.1 / -0.03

Pileup reweighting +1.7e-05 / -3.3e-05

Misedintified τ +0.01 / -0.01

Luminosity +0.002 / -0.0009

Signal theory unc. +0.15 / -0.04

Z → ττ theory unc. +0.05 / -0.05

MC statistics +0.16 / -0.20

Table 5.35: Observed impact of uncertainties, grouped in categories, on the signal strength

for the τhadτhad channel standalone fit. On the left absolute values are shown while on

the right the fractional contribution is given.

Normalization factor Value

Z → ττ (VBF) 0.82± 0.16

Z → ττ (Boosted) 0.90± 0.12

Misidentified τ 1.15± 0.14

Table 5.36: Normalization factors for the Z → ττ and the misidentifed τ backgrounds

derived from the τhadτhad standalone fit.

The result on the signal strength can be reinterpreted in terms of cross section. Indeed,

from the definition of signal strength, µ = [σ×B.R.(H→ττ)]obs
[σ×B.R.(H→ττ)]SM

, it is possible to derive the
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(a) τhadτhad boosted (b) τhadτhad VBF

(c) τhadτhad combined

Figure 5.27: Observed impact of nuisance parameters on the signal strength for the

τhadτhad channel standalone fit in the case of boosted region (a), VBF region (b) or

combining all the regions (c). The uncertainties are listed in decreasing order of their

impact on µ and only the 15 most highly ranked uncertainties are shown. The hatched

blue and the open blue boxes represent the +1σ and the −1σ uncertainties respectively

while the yellow box represent the pre-fit ones. Their fractional impact is shown referring

to the top x-axis. The pulls and constraints of the uncertainties are indicated by the

black points and lines, referring to the bottom x-axis. If the uncertainty is not pulled nor

constrainted the pull is 0 and the lines lie between +1 and −1.



Cross section measurement of the Higgs decaying into a pair of tau leptons 125

Figure 5.28: Observed nuisance parameters pulls for the τhadτhad channel standalone fit.

observed cross section times the H → ττ branching ratio as:

σH→ττ,obs = µ[σ ×B.R.(H → ττ)]SM (5.30)
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Figure 5.29: Observed nuisance parameters correlation for the τhadτhad channel standalone

fit. Only the nuisance parameters with absolute correlation higher than 0.25 are shown.

A fit using σH→ττ,obs as parameter of interest has then been performed. Considering

all the Higgs main production processes at the LHC (ggF, VBF, V H and tt̄H) with the

cross sections listed in Table 5.37 (already scaled by the B.R.(H → ττ) = 0.06256), the

resulted cross section from the τhadτhad standalone fit is:

σH→ττ = 2.49+1.38
−1.17 pb (5.31)

Production mode σSM
H→ττ [pb]

ggF 3.035

VBF 0.236

V H 0.141

tt̄H 0.053

total 3.465

Table 5.37: Cross sections of the Higgs production modes times the branching of Higgs

decaying into a pair of tau leptons, as predicted by the SM.

Combined

A combined fit to data, which exploits all the signal and control regions of the three

H → ττ subchannels, leads to an observed (expected) significance of the signal excess

relative to the background only hypothesis of 4.4 (4.1) standard deviations. The expected
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signficance is calculated, as for the τhadτhad channel, using an Asimov dataset built with

NPs and NFs evaluated from a fit to data. The expected significances for each channel

and for the combined fit can be found in Table 5.38 while the observed ones are reported

in Table 5.39.

Combined τlepτlep τlepτhad τhadτhad

Zexp[σ] 4.13 1.20 2.63 2.84

Table 5.38: Expected significances in each channel and for the combined result using

nuisance parameters and normalization factors obtained from a fit to data.

Combined τlepτlep τlepτhad τhadτhad

Zobs[σ] 4.36 2.20 2.43 2.21

Table 5.39: Observed significances in each channel and for the combined result using

nuisance parameters and normalization factors obtained from a fit to data.

The expected significance is mainly driven by the τlepτhad and τhadτhad channels with

the latter showing a slightly higher significance while for the observed data similar sig-

nificances across the channels are observed with a drop in sensitivity for the τlepτhad and

τhadτhad channels compensated by the increased sensitivity in the τlepτlep channel. How-

ever, it is not straightforward to estimate the combined expected significance from the

three standalone significances since in the combined fit the signal is correlated across the

channels. This result constitutes an evidence for the H → ττ decay and it is an improve-

ment of the result performed using Run 1 data at
√

(s) = 7 and 8 TeV center of mass

energy [88]. In addition, a fit combining this measurement with the Run 1 measurement,

has been carried out and has led to a combined observed (expected) significance of 6.4

(5.4) standard deviations, establishing the first ATLAS observation of the Higgs decaying

into a pair of tau leptons.

The signal strength extracted from the combined fit is:

µ = 1.09+0.18
−0.17 (stat.) +0.26

−0.22 (syst.) +0.16
−0.11 (theory syst.) (5.32)

and it is shown in Table 5.40 together with the list of uncertainties impact and sum-

marised in Figure 5.30. The value is compatible within uncertainties with 1, i.e. with

the SM prediction for a Higgs with mass mH = 125 GeV. As already foreseen by the

expected results, the high impact of systematic uncertainties can be observed, greater

than the effect of statistical uncertainties, and the large contribution of theoretical sys-

tematics on the signal as well. Among the systematics uncertainties the jet and missing

transerve energy related uncertainties and the Monte Carlo statistics are quite signifi-

cant. In addition, the values of NFs obtained in the combined fit to data are given in

Table 5.41. The two Z → ττ normalization factors are different from the values found in

the τhadτhad standalone fit since these parameters are now correlated across the channels.
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The differences in normalization factors are absorbed in the large pull of the systematic

related to identification efficiency and energy scale for taus (particularly ”tau eff id total”

and ”tau tes detector”) since these are anticorrelated with the Z → ττ NFs. As can be

seen in Figure 5.31, another significant pull appears for the tau energy scale uncertainty

related to the tag and probe measurement (”tau tes insitu”). The ”tau tes detector” and

”tau tes insitu” uncertainties pulls originate from the τhadτhad channel even if their shift

is more pronounced in the combined fit while the ”tau eff id total” exhibits no pulls in

the individual channels fit. Some other parameters related to the jet energy resolution

uncertainties show large pulls and triggered some further investigations in the analysis. In

order to monitor the behaviour of such NPs and to exclude the presence of multiple min-

ima, a profile likelihood scan has been performed for each parameter. Figure 5.32 shows

an example for leading component of jet energy resolution uncertainty. Here, the nominal

value of a given parameter is fixed to a value within ±2.5 σ of its input uncertainty. For

each point of the grid the negative log-likelihood is evaluated and the difference with the

minimum likelihood value found is determined and represented in the plot. This likeli-

hood scan, as many others checked in the analysis, does not exhibit any particular bad

behaviour of the fit.

POI Central Value

µ 1.09

Set of nuisance Impact on uncertainty

parameters

Total +0.32 / -0.28

Data statistics +0.18 / -0.17

Total systematic unc. +0.26 / -0.22

Z → ττ normalization +0.06 / -0.04

All normalizations +0.07 / -0.05

All but normalizations +0.25 / -0.21

Jets and Emiss
T +0.13 / -0.10

Flavor tagging +0.04 / -0.03

Electrons and muons +0.01 / -0.01

Taus +0.05 / -0.03

Pileup reweighting +0.02 / -0.01

Misidentified τ +0.05 / -0.05

Luminosity +0.04 / -0.03

Signal theory unc. +0.16 / -0.11

Z → ττ theory unc. +0.05 / -0.04

MC statistics +0.12 / -0.11

Set of nuisance Fractional impact on uncertainty

parameters (square of fraction of total)

Data statistics +0.30 / -0.37

Total systematic unc. +0.70 / -0.63

Z → ττ normalization +0.04 / -0.02

All normalizations +0.05 / -0.03

All but normalizations +0.63 / -0.55

Jets and Emiss
T +0.16 / -0.13

Flavor tagging +0.01 / -0.01

Electrons and muons +0.002 / -0.002

Taus +0.03 / -0.02

Pileup reweighting +0.003 / -0.0005

Misidentified τ +0.03 / -0.03

Luminosity +0.01 / -0.008

Signal theory unc. +0.26 / -0.14

Z → ττ theory unc. +0.03 / -0.02

MC statistics +0.15 / -0.15

Table 5.40: Observed impact of uncertainties, grouped in categories, on the signal strength

for the combined H → ττ fit. On the left absolute values are shown while on the right

the fractional contribution is given.

The likelihood fit is able to adjust signal and background predictions, either the event

yield and the mMMC
ττ shape. Figure 5.33 and Figure 5.34 shows the mMMC

ττ distributions

in all the VBF and boosted SRs respectively after performing the fit, where the particular

binning shown is the one used in the fit. The compatibility of data with the signal plus

background hypothesis can be observed in each plot of Figure 5.33 and Figure 5.34. The
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Figure 5.30: Signal strenght measurement for each channel and for the combined result.

The theoretical prediction is shown in yellow.

Normalization Factor Channel Value

VBF Boosted

Z → ll τlepτlep 0.88+0.34
−0.30 1.27+0.30

−0.25

Top τlepτlep 1.19± 0.09 1.07± 0.05

Top τlepτhad 1.53+0.30
−0.27 1.13± 0.07

Misidentified τ τhadτhad 1.12± 0.12

Z → ττ τlepτlep τlepτhad τhadτhad 1.04+0.10
−0.09 1.11± 0.05

Table 5.41: Normalization factors for backgrounds that have their normalization retrieved

from the fit to data. The values are extracted from the combined H → ττ fit to data.

same statetement applies to the event yield prediction as shown in Tables 5.42, 5.43

and 5.44.

The fit is also repeated using the cross section times branching ratio as parameter of

interest, as explained for the τhadτhad channel. The measured value for the cross section

in the combined fit is then:

σH→ττ = 3.77+0.60
−0.59 (stat.) +0.87

−0.74 (syst.) pb (5.33)

consistent with the SM prediction, σSM
H→ττ = 3.46 ± 0.13 pb. The uncertainty on the

SM cross section prediction refers to the signal theoretical uncertainties on the total cross

section. In principle, signal theory systematics should not affect the measured total cross

section however they still need to be considered due to the selection which defines the
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Figure 5.31: Observed nuisance parameters pulls for the combined H → ττ fit. Only the

parameters for which the postfit uncertainty is less than 75% of the pre-fit uncertainty

and/or the pull is higher than 0.5 in absolute value are shown.
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Figure 5.32: Likelihood scan for one of the components of the jet energy resolution sys-

tematic for each channel and in the combined H → ττ fit.

specific fiducial region used for the measurement.

Figure 5.35 shows the systematic uncertainties with the largest impact on σH→ττ . As

predicted from the expected fit, signal theory uncertainties, specifically QCD scale uncer-

tainties, jet energy resolution and scale and normalization of the backgrounds (Z → ττ

and Z → ll) have a significant impact (the same behaviour is expected for the signal

strength and for the σH→ττ because of how the cross section parameter of interest is

constructed). In addition, Table 5.45 gives a summary of the observed and expected im-

pact of uncertainties from different sources. As mentioned, the impact of jet and missing
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(a) (b)

(c) (d)

(e) (f) (g)

Figure 5.33: mMMC
ττ distribution in all the VBF signal regions of the three decay channels

(τlepτlep at the top, τlepτhad in the midlle and τhadτhad at the bottom) after performing

the fit. The observed Higgs signal is shown with a red line.
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(a) (b)

(c) (d)

(e) (f)

Figure 5.34: mMMC
ττ distribution in all the boosted signal regions of the three decay

channels (τlepτlep at the top, τlepτhad in the midlle and τhadτhad at the bottom) after

performing the fit. The observed Higgs signal is shown with a red line.
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Table 5.42: Observed and predicted event yield in the τlepτlep channel as calculated by

the fit.

Table 5.43: Observed and predicted event yield in the τlepτhad channel as calculated by

the fit.

transverse energy related uncertainties, of Monte Carlo statistics and of signal theory

uncertainties is quite large for this measurement.

The σH→ττ measured cross section is also shown in Figure 5.36, either for each standalone
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Table 5.44: Observed and predicted event yield in the τhadτhad channel as calculated by

the fit.

channel fit and for the combined one. The results are compatible with the SM prediction

within uncertainties, in particular the τhadτhad channel exhibit the lowest uncertainty on

σH→ττ .

Table 5.45: Observed and expected fractional impact of uncertainties on σH→ττ . The

uncertainties are listed in decreasing order of impact.

Due to the good sensitivity of the VBF and boosted category to the VBF and ggF

production processes respectively, a two parameter fit has been performed to measure

separately the VBF and ggF cross section. Two parameters of interest have been used

in this case, σVBF
H→ττ and σggF

H→ττ , in order to distinguish between the two processes, while
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Figure 5.35: Observed impact of nuisance parameters on σH→ττ for the combined H → ττ

fit. The uncertainties are listed in decreasing order of their impact on σH→ττ and only

the 10 highly ranked uncertainties are shown. The hatched blue and the open blue boxes

represent the +1σ and the −1σ uncertainties respectively. Their fractional impact is

shown referring to the top x-axis. The pulls and constraints of the uncertainties are

indicated by the black points and lines, referring to the bottom x-axis.

the other Higgs production mode are set to their SM prediction. Figure 5.37 shows the

68% and 95% confidence level contours in the plane of σVBF
H→ττ and σVBF

H→ττ . The mea-

sured values for the cross sections are σVBF
H→ττ = 0.28 ± 0.09 (stat.) +0.11

−0.09 (syst.) pb and

σggF
H→ττ = 3.1 ± 1. (stat.) +1.6

−1.3 (syst.) pb. Both the cross sections are in agreement with

the SM predictions: σVBF, SM
H→ττ = 0.237± 0.006 pb and σggF, SM

H→ττ = 3.05± 0.13 pb.

Lastly, a fit with three parameters of interest has been performed, considering two mu-

tually exclusive regions in the ggF phase space defined according to different Higgs pT
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Figure 5.36: Measured values of σH→ττ both for the individual channels and for the

combined fit. The theory prediction together with its uncertainty is shown in yellow.

ranges as shown in Table 5.46 and one inclusive VBF region. The choice of selections is

based on the simplified template cross section framework [134]. This framework has been

developed in order to maximize the sensitivity of the measurements and to allow cross

section measurements in mutually exclusive regions of phase space. Indeed, the phase

space is split in different regions according to some kinematic properties of the events: for

instance, number of jets and Higgs transverse momentum are used for defining different

regions enriched in ggF events and kinematic properties of the jets are used for defining

regions which target VBF events.

Table 5.46 shows the results for the measured cross section in the three exclusive phase

space regions together with their SM predictions. This constitutes the first attempt of

simplified template cross section measurements in the H → ττ channel.

Table 5.46: Measurements of VBF and ggF cross sections in three mutually exclusive

regions, which follow the simplified template cross section framework. The measured

cross section are shown along with the SM predictions.
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Figure 5.37: 68% and 95% likelihood contours in the (σVBF
H→ττ , σggF

H→ττ ). The best-fit

values for the two cross sections are shown as a star while the black point represent the

SM expectation.

5.10 Conclusion

The cross section measurements performed in the H → ττ decay channel, using data

collected by ATLAS at
√

13 TeV and corresponding to 36.1 fb−1 of integrated luminosity,

have been illustrated in this Chapter with particular emphasys on the fully hadronic τ de-

cay subchannel. The signal excess for the H → ττ process over the expected background

has been established with an observed (expected) significance of 4.4 (4.1) standard de-

viations. This result, combined with the one obtained using data taken at
√
s = 7 and

8 TeV during Run 1 of the LHC, reaches an observed (expected) significance of 6.4 (5.4)

standard deviations and this constitutes the first H → ττ ATLAS observation.

The measured signal strength is µ = 1.09+0.18
−0.17 (stat.) +0.26

−0.22 (syst.) +0.16
−0.11 (theory syst.),

which is fully compatible with the Standard Model expectations. The measured total

cross section was found to be σH→ττ = 3.77+0.60
−0.59 (stat.) +0.87

−0.74 (syst.) pb which is also in

agreement with the SM prediction of σSM
H→ττ = 3.46± 0.13 pb.

In addition, measurements of the VBF and ggF cross sections separately and cross section

measurements, based on the simplified template cross section, have been carried out and

they also have found to be consistent with the SM expectations.

For all these measurements, the τhadτhad decay channel contribute significantly provid-

ing high sensitivity and also being the one with the smallest impact of systematic and

statistical uncertainties.





Chapter 6

CP violation measurement in VBF production

This Chapter illustrates the search for CP violation performed in the H → ττ channel.

This search exploits many of the selections and techniques developed in the cross section

measurement described in Chapter 5. It differs mainly because of concentrating on the

VBF category only and by making use of a multivariate event selection to improve the

purity of the VBF sample.

6.1 Introduction

After the Higgs boson discovery, as mentioned in Chapter 5, the studies have been con-

centrated on measuring its properties. Beside the coupling strengths, it is fundamental

to measure the spin and CP properties of the Higgs as well, in order to determine wether

the observed Higgs boson has the properties predicted by the SM, namely it is a CP-even

scalar particle.

Moreover, the investigation of the Higgs sector at the LHC offers a new opportunity to

search for CP violation. As explained in Chapter 1, one of the unsolved issue of physics

today is the observed baryon asymmetry of the Universe. The presence of CP violation

is one of the three Sakharov [7] conditions for explaining the generation of baryon asym-

metry. In the SM, the CP violation is introduced via the complex phase in the CKM

matrix. However the magnitude of CP violation in the SM is not sufficient to explain

the observed value of baryon asymmetry [32] and new sources of CP violation must be

introduced.

It is then interesting to look for CP violation in the Higgs sector and, at the same time,

since no such effect is expected from the SM, this would be an unequivocal sign of Beyond

the Standard Model (BSM) physics.

The analysis described in this Chapter, aims at studying the coupling structure of the

vertex where the Higgs couples to two electroweak gauge bosons (HV V ), through the

vector boson fusion production mode. The VBF production is characterized by events

with well defined experimental signatures: at least two high-pT jets well separated in

pseudorapidity. This particular production process is promising for measuring the Higgs

CP properties in the HV V vertex. The measurement is in principle independent of the

specific Higgs decay channel since it is focused on the Higgs production vertex. However,

it is useful to exploit the H → ττ decay channel since it allows to select a sizeable amount

of VBF events with a good signal to background ratio.

139
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Measurements performed so far at the LHC indicate that the Higgs boson is a scalar

particle and that its coupling structure is CP-even and consistent with the SM expecta-

tions [135, 136]. The HV V vertex, in particular, has been investigated in the H → ZZ

decay channel using Run 1 data of the LHC by both the ATLAS and CMS experi-

ments [136, 137]. During Run 2 some other measurements have been performed and they

have set limits on Wilson coefficients in the framework of effective field theories, which will

be described later in Section 6.2. These analysis concern the H → γγ and the H → ZZ

channels and they have been performed in ATLAS [138, 139] using measurements of dif-

ferential cross sections of CP-even observables or measurements of event rates. However,

they are not sensitive to a direct probe of CP invariance as this work aims. CMS has also

investigated the HV V vertex in the H → V V decay and V H production and also in the

VBF production using the H → ττ decay channel [140, 141, 142, 143]. In addition, a test

of CP invariance in VBF production using the H → ττ decay channel, has been performed

by ATLAS using Run 1 data at
√
s = 7 and 8 TeV [144]. The analysis constrained the

parameter d̃, which describes the strength of CP-violation, to the interval [−0.11, 0.05]

with 68% CL. All the mentioned studies have not seen any sign of CP violation.

The analysis presented in this thesis [145], have been performed using Run 2 data col-

lected during 2015 and 2016 at
√
s = 13 TeV and corresponding to 36.1 fb-1. Since the

H → ττ decay channel is selected, the analysis follows closely the cross section mea-

surement performed in the same decay channel, meaning that the same samples, object

selections and backgrounds estimation have been used. Differences and specific features

of this analysis will be highlighted time by time.

6.2 Theoretical framework

The theoretical background is based on an Effective Field Theory (EFT) framework,

useful to describe deviations from the SM in the most possible model independent way.

As described in Section 1.5, the SM Lagrangian can be extended using dimension six

operators, preserving in this way the SU(2) × U(1)Y gauge symmetry. The Lagrangian

can be constructed from the Higgs doublet Φ and the U(1)Y and SU(2) electroweak

gauge fields, Bµ and W a,µ(a = 1, 2, 3). Since we are interested in the HV V vertex,

all the interactions between the Higgs boson and the other SM particles (fermions and

gluons) are assumed as predicted by the SM. The resulting Lagrangian is then [146, 147],

Leff = LSM +
fW̃W

Λ2
OW̃W +

fB̃B

Λ2
OB̃B +

fB̃

Λ2
OB̃

+
fWW

Λ2
OWW +

fBB

Λ2
OBB +

fW
Λ2
OW +

fB

Λ2
OB

(6.1)

where the dimension six operators, O, have the following expressions (the CP-even

are shown on the left column and the CP-odd on the right),
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OBB = Φ†BµνB
µνΦ OB̃B = Φ†B̃µνB

µνΦ (6.2)

OWW = Φ†WµνW
µνΦ OW̃W = Φ†W̃µνW

µνΦ

OB = (DµΦ)†Bµν(DνΦ) OB̃ = (DµΦ)†B̃
µν

(DνΦ)

OW = (DµΦ)†Wµν(DνΦ)

In Equation 6.2 the covariant derivative Dµ and the field strength tensors, B̂µν and

Ŵµν , of the W and B fields and their dual ones are defined as:

Dµ = ∂µ +
i

2
g′Bµ + igτaW a

µ

B̂µν + Ŵµν = i
g′

2
Bµν + igτaW a

µν

Ṽµν =
1

2
εµνρσV

ρσ, (V = W,B)

(6.3)

Two other CP-even operators should be taken into account, OBW = Φ†BµνW
µνΦ

and OΦ,1 = (DµΦ)†ΦΦ†(DµΦ) but they have been strongly constrained by electroweak

precision measurements [148, 149, 150] and they will therefore be neglected.

After the electroweak symmetry breaking, the effective Lagrangian can be rewritten in

the mass basis of the Higgs boson H, the photon Aµ, the W boson and the Z boson:

Leff = gHγγHAµνA
µν + g

(1)
HZγAµνZ

µ∂νH + g
(2)
HZγAµνZ

µν

+ g
(1)
HZZZµνZ

µ∂νH + g
(2)
HZZHZµνZ

µν + g
(2)
HWWHW

+
µνW

µν
−

+ g
(1)
HWW (W+

µνW
µ
−∂

νH +W−µνW
µ
+∂

νH) + g̃HγγHÃµνA
µν

+ g̃HZγHÃµνZ
µν + g̃HZZHZ̃µνZ

µν + g̃
(2)
HWWHW̃

+
µνW

µν
−

(6.4)

The gHV V are the coefficients of the CP-even operators while the g̃HV V are the coeffi-

cients of the CP-odd ones. Not all the couplings are independent due to the SU(2)×U(1)Y
invariance. Indeed the CP-even couplings can be expressed in terms of four dimensionless
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parameters, d, dB , ∆Z
g1 and ∆kγ ,

gHγγ =
g

2mW
(d sin2 θw + dB cos2 θw

2)

g
(1)
HZγ =

g

mW
(∆gZ1 sin 2θw −∆kγ tan θw)

g
(2)
HZγ =

g

2mW
sin 2θw(d− dB)

g
(1)
HZZ =

g

mW
(∆gZ1 cos 2θw + ∆kγ tan2 θw)

g
(2)
HZZ =

g

2mW
(d cos2 θw + dB sin2 θw)

g
(1)
HWW =

gmW

m2
Z

∆gZ1

g
(2)
HWW =

g

mW
d

(6.5)

and the CP-odd can be written using only 3 dimensionless parameters, d̃, d̃B and k̃γ ,

g̃Hγγ =
g

2mW
(d̃ sin2 θw + d̃B cos2 θw)

g̃HZγ =
g

2mW
(−k̃γ tan θw + sin 2θw(d̃− d̃B))

g̃HZZ =
g

2mW
(k̃γ tan2 θw + d̃ cos2 θw + d̃B sin2 θw)

g̃HWW =
g

mW
d̃

(6.6)

where θw is the Weinberg angle and g is the SU(2) coupling constant.

The relations between these dimensionless parameters and the coefficients fi in Equa-

tion 6.1 are the following:

d = −m
2
W

Λ2
fWW d̃ = −m

2
W

Λ2
fW̃W (6.7)

dB = −m
2
W

Λ2

sin2 θw
cos2 θw

fBB d̃B = −m
2
W

Λ2

sin2 θw
cos2 θw

fB̃B

∆kγ = kγ − 1 =
m2
W

2Λ2
(fB + fW ) k̃γ =

m2
W

2Λ2
fB̃

∆gZ1 = gZ1 − 1 =
m2
Z

Λ2

fW
2

∆gZ1 , ∆kγ and k̃γ are the coefficients that parametrise the anomalous triple gauge

boson couplings and that have been constrained by measurements at LEP [151, 152].

The effective Lagrangian yields the following Lorentz invariant structure for the HV V
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vertex:

Tµν(p1, p2) = a1(p1, p2)gµν (SM : CP even)

+ a2(p1, p2)[p1 · p2g
µν − pµ2pν1 ] (CP even)

+ a3(p1, p2)εµνρσp1ρp2σ (CP odd)

(6.8)

where the ai are momentum dependent form factors and the p1,2 denote the momenta

of the electroweak gauge bosons. The first term is CP-even and describes the SM coupling

structure with a1 =
2m2

V

v (V = W,Z and v is the vacuum expectation value) while the a2

and the a3 terms are CP-even and CP-odd respectively and arise from the dimension six

CP-even and CP-odd operators.

The aim of the analysis described in this Chapter is to look for CP violation in the

HV V vertex, therefore the CP-odd couplings are the only ones taken into account, more

specifically a CP-mixed model, where a CP-odd contribution is considered in addition to

the SM coupling, is investigated. In such a model, the form factors in the tensor structure

of the vertex are:

a1 =
2m2

V

v
, a2 = 0, a3 6= 0 (6.9)

The gHV V coefficients are then reduced to the CP-odd ones and, neglecting the k̃γ
parameter, they depend only on d̃ and d̃B :

g̃Hγγ =
g

2mW
(d̃ sin θw

2 + d̃B cos θw
2)

g̃HZγ =
g

2mw
(sin 2θw(d̃− d̃B))

g̃HZZ =
g

2mw
(d̃ cos θw

2 + d̃B sin θw
2)

g̃HWW =
g

mw
d̃

(6.10)

Experimentally, contributions to the VBF production from WW , ZZ, WZ, Zγ or

γγ are not distinguishable and thus the ratio between HZZ and HWW couplings has

to be determined. In the analysis the choice d̃ = d̃B is adopted. From the theoretical

point of view this choice allows to recover the custodial symmetry of the SM [153]. Before

the electroweak symmetry breaking, the Higgs potential has a global SU(2)L × SU(2)R
symmetry which reduces to SU(2)V when the symmetry is broken. This remanent global

symmetry is called the custodial symmetry. If the gauge symmetry of the electroweak

model is broken by the Higgs doublet there is a custodial symmetry which protects the

relation between the Z and W masses:

ρ ≡ M2
W

M2
Z cos2 θ

= 1 (6.11)

The ρ parameter is exactly equal to 1 at tree-level but anyway radiative corrections

violate very softly the symmetry.
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In addition, the choice d̃ = d̃B allows to compare the results with that of other AT-

LAS measurements [136, 139] which make the same assumption altough using a different

parametrisation. This assumption yields to the following expressions for the g̃HV V coef-

ficients:

g̃Hγγ = g̃HZZ =
1

2
g̃HWW =

g

2mW
d̃

g̃HZγ = 0

(6.12)

In addition, the a3 form factor in Equation 6.8 can be written as:

a3 =
2g

MV
d̃ (V = W,Z, γ) (6.13)

The corresponding matrix elementM for VBF production is then the sum of the SM

term and a CP-odd contribution arising from the dimension six operators considered:

M =MSM + d̃ · MCP-odd (6.14)

where the dependence on d̃ has been factorized out. For the squared matrix element,

one obtains:

|M|2 = |MSM|2 + d̃ · 2 Re(M∗SMMCP-odd) + d̃2 · |MCP-odd|2 (6.15)

The first term |MSM|2 and the third term |MCP-odd|2 are CP-even and they do not

constitute a source of CP violation. The interference term d̃ · 2 Re(M∗SMMCP-odd) is

CP-odd instead and represents a possible new source of CP violation in the Higgs sector.

The interference term integrated over a CP symmetric phase space vanishes and does not

contribute to the total cross section while the third term is responsible for increasing the

total cross section by an amount quadratic in d̃. Therefore the presence of a CP violating

coupling influences the event yield as well but this is not exploited in this analysis as also

CP conserving BSM couplings can affect it.

6.3 The Optimal Observable

In order to test CP invariance and to measure the adimensional parameter d̃, a variable

sensitive to the presence of a CP-odd coupling must be used. If a BSM contribution

is present, the effects should be visible in the distributions of the two tagging jets (the

two jets involved in the VBF production, experimentally one usually choose the two jets

with the highest pT). Most of these distributions, like the jet transverse momentum, the

jet energy or the dijet invariant mass, could depend strongly on the form factors and,

therefore, are hard to predict without specifying the underlying model of new physics.

A simple CP-odd observable, not sensitive to form factor effects, is the signed difference

in the azimuthal angle between the two tagging jets, defined as the azimuthal angle of the

”away” jet minus the angle of the ”towards” jet, where away and towards are referred to
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the angular distance from the beam axis. The following expression provides the sign of

∆φjj :

εµνρσb
µ
+p

ν
+b

ρ
−p

σ
− = 2pT,+pT,− sin (φ+ − φ−) = 2pT,+pT,− sin ∆φjj (6.16)

where b+ and b− denote the four-momenta of the two proton beams and p+ and p−
denote the four-momenta of the two jets, in addition p+(p−) points into the same detector

hemisphere as b+(b−). The ∆φjj has a quasi-flat distributions in the case of SM while

in the presence of a CP odd contribution it is asymmetric and more pronounced in the

0− π region as shown in Figure 6.1.

An alternative discriminating variable is the so-called Optimal Observable [8, 9]. In the

past, this variable has been used in various analysis at LEP [154, 155, 156], in particular

by the OPAL collaboration for studies of CP invariance in the Z → ττ process [157].

The final state of the VBF Higgs production can be characterized by seven phase space

variables assuming the mass of the Higgs boson, neglecting the jet masses and considering

the transverse momentum conservation. The concept of Optimal Observable combines

the information of this seven-dimensional phase space into a single observable. From the

squared matrix element in Equation 6.15 we can define a first order and a second order

Optimal Observables as follows:

OO1 :=
2 Re(M∗SMMCP-odd)

|MSM|2

OO2 :=
|MCP-odd|2

|MSM|2

(6.17)

The first order Optimal Observable has a mean value of zero and a symmetric distribu-

tion in the case of SM while it has a non-vanishing mean value, shifted to positive values

for positive d̃ and to negative values for negative d̃, and an asymmetric distribution in the

presence of CP violation, as can be seen in Figure 6.2. It is indeed a CP odd variable and

can be used for a direct model independent test of CP invariance, by measuring its mean

value. A non-zero mean value would indicate the presence of BSM physics. In addition, a

fit to the full distribution can be used for measuring the d̃ parameter. The OO1 provides

the highest sensitivity for small d̃ values, performing better than the ∆φjj distribution

as demonstrated in Reference [144].

The second order Optimal Observable is a CP-even variable instead and it is not exploited

in this analysis as the combined use of the two observables does not provide any gain in

sensitivity with the available statistics.

Since the first order Optimal Observable is the only variable used in the analysis, we will

henceforth referred to as the Optimal Observable, denote by the symbol OO.

Experimentally the Optimal Observable can be reconstructed from the final state parti-

cles involved. The matrix element calculation requires the four momentum of the Higgs,

which can be reconstructed from the two τ four momentum, the four momentum of the

jets and the Bjorken x of the initial state partons which represent the fraction of the

proton momentum carried by the partons. The Bjorken x can also be retrieved from the

final state kinematics using the formula xreco1,2 =
Mfinal√

s
e±yfinal where Mfinal (yfinal) is
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the invariant mass (rapidity) obtained from the vectorial sum of the four-momenta of the

two tagging jets and the Higgs boson. Since the flavor of the initial and final state partons

cannot be determined experimentally, the sum over all possible configuration weighted

by the parton distribution functions is calculated separately for the numerator and the

denominator:

2 Re(M∗SMMCP−odd) =
∑
i,j,k,l

fi(x1)fj(x2)2 Re((Mij→klH
SM )∗Mij→klH

CP−odd)

|MSM|2 =
∑
i,j,k,l

fi(x1)fj(x2)|Mij→klH
SM |2 .

(6.18)

The matrix element leading order calculations are performed in the analysis with a

code extracted from HAWK [158] and the PDFs used are the CT10 at leading order [122].

Figure 6.1: Distributions of the signed difference in the azimuthal angle between the

two tagging jets. Distributions for the SM case, for a pure CP-odd scenario and for a

CP-mixed scenario where a CP-odd contribution is considered in addition to the SM, are

shown.

6.4 Data and Monte Carlo samples

The data used in this analysis are taken from pp collisions at
√
s = 13 TeV during 2015

and 2016, corresponding to an integrated luminosity of 3.2 fb-1 in 2015 and 32.9 fb-1, for

a total of 36.1 fb-1 integrated luminosity. Only the data which passed the data quality re-

quirements are used. The same triggers as in the cross section measurement, summarised

in Table 5.2, are used. Therefore, exactly the same dataset as in the cross section analysis

is exploited.

Signal and background processes are simulated using various MC generators which do not

differ from the ones reported in Table 5.1. The only difference with respect to the cross

section analysis is the normalization of the electroweak Z → ττ sample. Indeed, the cross
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Figure 6.2: Optimal Observable distributions for three different scenarios: in the case

of SM (d̃ = 0) and for two different d̃ values. The distributions are obtained using

the full event selection for defining the signal region of this analysis as described in

Section 6.5 [145].

section of this process is underestimated by the Sherpa LO prediction and therefore it is

scaled by a factor 1.7 in this analysis, in order to match the ATLAS measurement [159].

More details on this will be given in Section 6.6.1.

Differently to the coupling analysis only the VBF production process is considered as sig-

nal. In addition the H →WW is taken into account as signal in the τlepτlep channel but

the analysis is not sensitive to the possible CP violating coupling in the H →WW decay

vertex. All the other Higgs production modes, ggF, V H, tt̄H are instead considered as

backgrounds and their normalizations is fixed to their SM prediction.

The various BSM samples simulating a CP violating scenario, where a CP-odd contri-

bution is added to the SM one, are obtained for different d̃ values using a reweighting

technique. Indeed, the full simulation of these samples is quite expensive in terms of

computational resources and time. The reweighting is applied to the VBF SM signal

sample and the weights are calculated as the ratio of the squared matrix element of VBF

process, considering a CP-mixed scenario as in Equation 6.15, to the squared matrix

element obtained in the SM (weight = |M|2
|MSM|2 ). At parton level three kind of events

contribute to the VBF production: qq → qqH, qg → qqq̄H and qq → qqgH. The weights

are then calculated separately for the 2 → 2 + H and the 2 → 3 + H processes, using

LO matrix elements extracted from HAWK. The matrix elements are evaluated using

truth-level information for each event, namely the Bjorken x, the Higgs four-momentum,

the four-momentum of the final state partons as well as the flavor of the incoming and

outgoing partons. The validation of this reweighting procedure has been performed for

the Run 1 measurement [144, 160]. It was achieved by comparing a reweighted VBF

sample with a fully simulated NLO sample. The Madgraph5 aMC@NLO generator was

used since it is able to simulate events with anomalous couplings at NLO. Figure 6.3
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shows the Optimal Observable distribution for a generated and a reweighted sample for

d̃ = 0.1. The agreement between the two samples is good, meaning that the reweighting

constitutes a good approximation of a full NLO description of the process.

Figure 6.3: Optimal Observable distributions for a sample generated with Mad-

graph5 aMC@NLO with d̃ = 0.1 (in black) and for a SM sample generated with Mad-

graph5 aMC@NLO after reweighting (in red) [160, 161].

6.5 Event selection

The analysis exploits all the combinations of leptonic (τ → lνν̄ with l = e, µ) and hadronic

(τ → hadrons ν) τ decays. Four different channels are then used: τlepτlep with same flavor

(SF) final state (ee, µµ), τlepτlep with different flavor (DF) final state (eµ), τlepτhad and

τhadτhad. The object definitions and the triggers correspond exactly to what has been

already described in Section 5.3 and they will not be repeated here.

After the object definition and triggers, some preselection requirements are applied. They

also follow very closely what has been done for the cross section measurement and they

are summarised in Table 6.1. An exact number of τ decay candidates are required to avoid

the overlap between the four channels, i.e. electrons, muons or τhad-vis. The two τ decay

candidates must be of opposite charge and have to fulfill the trigger requirements. A

minimal requirement on the missing transverse momentum Emiss
T > 20 GeV is applied in

order to reject events without neutrinos. This requirement is tightened for the τlepτlep SF

channel to suppress the Z → ll background. Furthermore, a requirement on the Emiss,hard
T

is also introduced in this channel to reject contributions to the Emiss
T not coming from

physics objects. A requirement on the mass of the dilepton system is applied in τlepτlep

to further reject the Z → ll background. The di-τ mass calculated in the collinear
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approximation is required to be mcoll
ττ > mZ − 25 GeV in the τlepτlep channel to ensure

ortoghonality between this analysis and the H → WW → lνlν analysis. In the τlepτlep

and τlepτhad channels the top-quark background is suppressed by requiring to not have

b-quark jets. Low transverse mass is required in the τlepτhad channels to reject W+jets

background. Finally, requirements on the angular distance between the visible decay

products of the two τ and their pseudorapidity difference are applied in the τhadτhad

channel to reject non-resonant background.

In this analysis we are interested in selecting VBF events. A VBF inclusive category

is then defined based on the same VBF selection applied in the cross section analysis.

Two high-pT jets are required with a large invariant mass (mjj > 300 GeV) and a large

pseudorapidity gap (|∆ηjj | > 3). This selection is also summarised in Table 6.1.

6.5.1 Multivariate technique

Differently from the cross section analysis, a multivariate technique (MVA) is used to

construct signal regions enriched in VBF events. The purpose of this MVA method is to

use informations from different kinematics variable, exploiting their correlations, in order

to separate between signal and background events. The algorithm used in the analysis

is the Boosted Decision Tree (BDT) [162]. The BDT is a supervised machine learning

algorithm which uses example inputs in order to produce a desired output. A typical

task in particle physics is to classify events as signal-like or background-like. In order to

solve this binary classification problem, the BDT uses labeled training dataset to provide

classification for another independent dataset.

The BDT is based on decision trees which are flowchart-like structures with a consecutive

set of nodes (Figure 6.4). They take a set of input features, where each node represents one

of those features and the data are split into further nodes accordingly. For example, in our

case the nodes represent experimental cuts and the events are split accordingly, i.e. events

that pass or fail a given trheshold. The final output is reached after a given maximum

number of nodes. A metric that can be used to quantify how much the event is signal-

or background-like is the signal purity, ps = s
s+b . The signal purity can be evaluated at

each node and used to build the decision tree. The final nodes, called ”leaves”, are then

assigned an output value according to the purity, where ps > 0.5 means that the leaf is

dominated by signal events.

However a single decision tree is a weak classifier as it can be potentially unstable (a

small modification of the inputs can induce large differences in the output). Boosting is a

method to construct a stronger algorithm with a small misclassification rate by combining

a set of decision trees. Misclassified events receive an higher weight as the series is trained,

therefore the subsequent tree can focus on those events in the next training. The final

result is given by averaging the output of each decision tree, weighted by its accuracy. A

final classification score in the range [-1,1] is then the result of the BDT. Values closer to

1 mean that the event is likely a signal event, as the majority of the trees labeled it as

signal.

In this analysis a BDT classifier as implemented in TMVA package [163] is used. Since

there are four independent analysis channels, four different BDTs were trained. The vari-
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Figure 6.4: Schematic representation of a decision tree.

ables used as inputs can be categorised in variables referring to properties of the Higgs

boson, which help to reject background processes without a Higgs boson, variables re-

ferring to properties of the di-τ system, which help to discriminate against non-resonant

backgrounds and variables referring to the specific properties of the VBF topology. The

detailed list of the input variables is the following and they are also summarised in Ta-

ble 6.1:

• mMMC
ττ : the invariant ττ mass reconstructed with the MMC algorithm.

• mvis
ττ : the visible mass calculated from the two τ -candidates.

• pττ,E
miss
T

T : the transverse momentum of the Higgs candidate.

• mT(τ1, E
miss
T ): the transverse mass calculated from the leading τ -candidate and the

missing transverse energy.

• ∆Rττ : the angular distance between the two τ -candidates.

• ∆ηττ : the pseudorapidity separation between the two τ -candidates.

• ∆φττ : the angular distance in φ-direction between the two τ -candidates.

• Emiss
T centrality, C(φmiss/

√
2): the transverse plane is transformed such that the

direction of the tau decay products are orthogonal, and that the smaller φ angle

between the tau decay products defines the positive quadrant of the transformed

plane. The Emiss
T centrality is then defined as the sum of the x- and y-components

of the Emiss
T unit vector in this transformed plane,



CP violation measurement in VBF production 151

C(φmiss/
√

2) =
r + s√
r2 + s2

where

r =
sin(φ(Emiss

T )− φ(τ0))

sin(φ(τ1)− φ(τ0))
and s =

sin(φ(τ1)− φ(Emiss
T ))

sin(φ(τ1)− φ(τ0))

This is used as it helps to distinguish signal events from W decays. Indeed, when

the only neutrinos in the event are due to τ decays, their total momentum should be

in the first quadrant and centrality is greater than 1. Smaller values are evidence of

the visible tau system recoiling against a hard neutrino, like the ones coming from

W decays.

• Emiss
T /pT(τ1): the transverse momentum ratio between the Emiss

T and the leading τ

candidate.

• Emiss
T /pT(τ2): the transverse momentum ratio between the Emiss

T and the subleading

τ candidate.

• mjj : the invariant mass of the two leading jets.

• ptot
T : the transverse momentum of the system of all objects in the final state (the

two τ -candidates, the two leading jets and the Emiss
T ).

• pT(j3): the transverse momentum of the third jet.

• Cjj(τ1): the η centrality of the leading τ candidate with respect to the pseudora-

pidity of the two leading jets.

• Cjj(τ2): the η centrality of the subleading τ candidate with respect to the pseudo-

rapidity of the two leading jets.

The latest two variables, Cjj(τ1) and Cjj(τ2) are defined as:

Cη1,η2(η) = exp

[
−4

(η1 − η2)2

(
η − η1 + η2

2

)2
]

(6.19)

where η, η1 and η2 are the pseudorapidities of the object and the two leading jets,

respectively. This variable has a value of unity when the object is halfway in η between

the two jets, 1/e when the object is aligned with one of the jets and < 1/e when the

object is not between the jets in η.

For each channel, the variables with the highest discrimination power were chosen among

those listed above and it was checked that adding more variables does not have an impact

on the sensitivity. As an example, the input features used in the τhadτhad channel are

listed in Table 6.2 and their distributions in the VBF region can be seen in Figure 6.5.

Finally, Figure 6.6 shows the BDT score output in the same channel. Good agreement

is observed between data and Monte Carlo prediction and all the small deviations are
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Channel τlepτlep SF τlepτlep DF τlepτhad τhadτhad

Preselection

Two isolated τ -lepton decay candidates with opposite electric charge

pτ1T > 19∗/15∗ GeV (µ/e) peT > 18 GeV pτhadT > 30 GeV pτ1T > 40 GeV

pτ2T > 10/15∗ GeV (µ/e) pµT > 14 GeV p
τlep
T > 21 GeV pτ2T > 30 GeV

mcoll
ττ > mZ − 25 GeV mT < 70 GeV 0.8 < ∆Rττ < 2.5

30 < mll < 75 GeV 30 < mll < 100 GeV |∆ηττ | < 1.5

Emiss
T > 55 GeV Emiss

T > 20 GeV Emiss
T > 20 GeV

Emiss, hard
T > 55 GeV

Nb-jets = 0

VBF topology
Njets ≥ 2, pj2T > 30 GeV, mjj > 300 GeV, |∆ηjj | > 3

pj1T > 40 GeV pj1T > 70 GeV, |ηj1 | < 3.2

BDT input variables

mMMC
ττ , mjj , ∆Rττ , Cjj(τ1), Cjj(τ2), ptot

T

mvis
ττ , m

τ1,E
miss
T

T , pT j3 C(φmiss)/
√

2

∆φττ Emiss
T /pτ1T , Emiss

T /pτ2T mvis
ττ , |∆ηττ | p

ττEmiss
T

T , |∆ηττ |

Signal region BDTscore > 0.78 BDTscore > 0.86 BDTscore > 0.87

Table 6.1: Summary of the event selection for the four analysis channels. The asterisk

denotes the lowest pT treshold which may increase due to the trigger used.

covered by the uncertainties. It is visibile that the background is peaked at -1, and the

signal is concentrated at output greater than 0.8. Despite the small signal to background

ratio of the VBF inclusive region, this last bin achieves an overall purity of ∼ 35% and a

significant signal excess over the dominant Z → ττ and misidentified τ backgrounds.

Input Variable (τhadτhad)

mMMC
ττ

Cjj(τ1)

mjj

ptot
T

Cjj(τ2)

C(φmiss/
√

2)

p
ττ,Emiss

T

T

∆Rττ
∆ηττ

Table 6.2: Input BDT variables used in the τhadτhad channel, listed in order of decreasing

importance.

6.5.2 Signal and control regions

Signal regions (SRs) are defined by introducing cuts on the BDT score. The exact cuts are

the result of a comprimise between sensitivity maximization and background statistics.

Indeed, a sufficient background statistics is required in order to have positive entries for

each background process in each bin of the SR and to avoid instabilities in the fit. For

example, in the τhadτhad channel, the quantity s√
s+b+σ2

b

is used as a figure of merit for
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Figure 6.5: BDT input variables distributions in the VBF region in the τhadτhad channel.

The uncertainty band includes only statistical uncertainties.
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(a) (b)

Figure 6.6: BDT score distributions in the τhadτhad channel shown in linear (a) and

logarithmic (b) scales. The uncertainty band includes both statistical and systematic

uncertainties.

maximizing the sensitivity, where s and b are the signal and background event yields

and σb is the statistical uncertainty for the backgrounds. This leads to a cut value of

0.90, however due to very small statistics of the misidentified τ background this cut is

relaxed to 0.87. The signal region definitions can be found for all the analysis channels

in Table 6.1.

A control region (CR) for each channel is defined by inverting the BDT score cut for

the signal region. These regions will be referred to as the ”low-BDT” CRs and they

are fundamental for constraing the Z → ττ background normalization and in the case

of the τhadτhad channel the misidentified τ background as well (see Section 6.6 for the

background estimation). The contribution of Z → ττ production amounts to 30-54%

depending on the channel. In addition, in the τlepτlep channel, four more CRs are added:

two for the different flavor and two for the same flavor final state channels, for constraining

the top-quark and the Z → ll backgrounds. The top-quark CR is obtained by inverting

the veto on b-tagged jets and not applying the BDT score cut. The Z → ll CR is defined

by again not applying the BDT score cut and requiring the dilepton invariant mass to be

80 < mll < 100 GeV.

Distributions of the Optimal Observable in the τhadτhad signal and control regions and of

the mMMC
ττ in the τhadτhad control region are shown in Figure 6.7. The Optimal Observable

is then used in the SR to probe for CP invariance. As demonstrated in Figure 6.8 no

dependence of the mean value of the Optimal Observable on the BDT score is observed

confirming that this cut does not introduce any bias, i.e. any artificial CP asymmetry.

In addition, the mMMC
ττ behaviour is shown as this will be the variable used in the CR in

the fit. Good modelling within uncertainties is observed for the variables in the CR.
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(a) (b)

(c)

Figure 6.7: Optimal Observable distribution in the τhadτhad signal region (a) and control

region (b) and mMMC
ττ distribution in the τhadτhad control region (c).

6.6 Background estimation

The same backgrounds described in Section 5.6 for the cross section analysis are considered

for this measurement as well and in principle the same estimation strategy is used. A

brief summary of the backgrounds involved, highlighting the differences with respect to

the cross section analyisis, will be given in this Section.
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Figure 6.8: Mean values of the Optimal Observable for the signal for different BDT score

cuts.

6.6.1 Z → ττ background

The Z → ττ Drell-Yan process is the main irreducible background common to all the

channels. Its normalization is constrained using the low-BDT CR which provides a good

purity for this process as explained in Section 6.5.2. The normalization of Z → ττ is

therefore directly retrieved from the fit to data. To ensure that the normalization is valid

in the SR as well, the modelling of this process is validated in a validation region (VR).

This VR is built in the same way as for the cross section analysis, therefore it is based

on the τlepτlep SF VBF selection and uses Z → ll events as it is difficult to select a pure

Z → ττ sample. The good modelling of Z boson and jets kinematic properties is then

verifed in this region and some example of distributions are shown in Figure 6.9. As for

the cross section measurement, a trend is observed in the mjj variable and also in the pT

of the third jet. A reweighting based on the mjj behaviour has therefore been applied.

Altough the impact on the modelling of the Z → ττ and on its normalization as well

as on the final sensitivity of the analysis is small, it was decided to keep the reweighted

Z → ττ distribution.

The correct modelling of the Z → ττ has been also investigated in a region more similar

to the analysis signal regions, i.e. training new BDTs where the τ -related input variables

were replaced by light leptons related variables and a high BDT region was selected by

requiring BDTscore > 0.6. Some mismodelling was observed here for the BDT distribution

and for some of the jet kinematic variables as shown in Figure 6.10. This mismodelling

has been found to be larger where there is more significant contribution of the Z → ττ

electroweak production. This process is simulated in this analysis with Sherpa at LO

with two or three partons in the final state. As found in the ATLAS Z → ττ cross section

measurement [159], the Sherpa LO prediction underestimates the cross section, while,

for instance, the Powheg NLO prediction is closer to the measured cross section. This

is summarised in Table 6.3. It has then been decided to scale the Z → ττ electroweak

production in order to match the ATLAS cross section measurement, since the analysis
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VBF regions and the region where the Z → ττ measurement has been performed are

similar. The distributions in Figure 6.10 are shown before and after applying the Z → ττ

electroweak scaling and they exhibit a good improvement of the modelling.

(a) (b)

(c) (d)

Figure 6.9: Distributions of some selection variables in the Z+jets VR of the τlepτlep

channel: tdilepton invariant mass (a), pseudorapidity separation between the two leptons

(b), dijet invariant mass (c) and third jet transverse momentum (c). Both statistical and

systematic uncertainties are shown in the band in yellow.
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(a) (b)

(c) (d)

Figure 6.10: Distribution of BDT score in the Z → ττ validation region (a) and for the

number of jets after selecting an high BDT region (b) (BDTscore > 0.6) in the τhadτhad

channel. The same distributions are shown at the bottom ((c) and (d)) after having

applied a 1.7 scale factor to the Z → ττ electroweak process.

6.6.2 Background from misidentified τ

Jets misidentified as τhad-vis or as electrons or muons are the second largest contribution

to backgrounds, particularly significant for the τlepτhad and τhadτhad channel. They arise

mainly from QCD jets, W+jets production and semileptonically decaying tt̄ events. The
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σEWK [fb] σEWK, Sherpa LO [fb] σEWK, Powheg NLO [fb]

118.9 71.2± 0.2 125.2± 0.4(stat.)± 18.8(syst.)

Table 6.3: Z → ττ electroweak producion cross section as measured by ATLAS [159] and

compared with the Sherpa LO and Powheg NLO prediction.

same data driven techniques described in Section 5.6.4 are applied for estimating this

background. The normalization of the misidentified τ background is derived from CR

extrapolation and fixed before performing the fit for the τlepτlep and τlepτhad channels,

while in the τhadτhad channel is directly retrieved from the fit.

Some differences with respect to the cross section analysis affect the τhadτhad channel.

In the cross section analysis the fake template for the τhadτhad channel was derived in a

dedicated control region (nOS) and then reweighted using scale factors dependent on the

∆φττ between the two τ candidates. These scale factors were derived using a region closer

to the signal region (OS anti-ID medium). However the differences between the nOS and

the OS anti-ID medium regions found in the cross section analysis and shown in Figure 5.8,

are not visible in Figure 6.11 where the ∆φττ distribution is shown after applying the

preselection of this analysis which differs a bit from the preselection of the cross section

measurement. Thus, it was decided to not apply this reweighting and consequently the

corresponding systematic uncertainty. Another difference concerns the misidentifed τ

template used in the SR. Due to the limited statistics, a looser τ ID working point is used

for deriving the misidentified τ template in the SR, meaning that a medium requirement

for the τhad candidates is used instead of the default tight ID working point. This affects

however only the shape since the template derived with the medium ID requirement is

scaled to the default template. An associated uncertainty is also applied for taking into

account the differences between the two distributions in the SR. More details on this will

be given in Section 6.11.

6.6.3 Z → ll and top-quark backgrounds

Dedicated CRs are used in the τlepτlep channel for constraining the normalization of these

backgrounds. Differently from the cross section analysis a top-quark CR is not used in

the τlepτhad channel because the different BDT selection led to a smaller contribution of

the top-quark background in this channel. In the τlepτhad and τhadτhad channels therefore

the normalization is derived from MC simulations and fixed before performing the fit.

6.6.4 Other backgrounds

Minor backgrounds are simulated with Monte Carlo and their normalization is fixed to

their theoretical prediction. They include diboson production and electroweak production

of W/Z bosons. In addition top-quark production constitutes a minor background in the

τlepτhad and τhadτhad channels. An important difference to highlight with respect to the

cross section analysis is that all the other Higgs production modes are also considered as
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Figure 6.11: ∆φττ distribution in dedicated control regions for the misidentified τ back-

ground estimation after applying the τhadτhad preselection. The distributions are derived

in the nOS region (black), in the OS anti-ID medium region (blue) and in the OS anti-ID

loose region (pink). The bottom panel shows the ratio between the distributions in the

nOS region and in the the OS anti-ID medium region. The uncertainty band in the ratio

is constructed by replacing the medium-not-tight requirement on the subleading τ candi-

date with the loose-not-tight added in quadrature with the statistical uncertainty on the

nominal weight.

backgrounds. Their contribution is not significant and their normalization is also fixed to

their SM prediction.

6.7 Systematic uncertainties

The same sources of systematic uncertainties described in Section 5.7 are considered here

as well. They affect both the event yield and the shape of the Optimal Observable in the

SRs and of the mMMC
ττ in the CRs.

Both theoretical and experimental systematic uncertainties are taken into account. The

theoretical uncertainties are evaluated exactly with the same strategy as for the cross

section analysis. Theoretical uncertainties on the total cross section are evaluated for all

the Higgs production modes considered in the analysis (VBF, ggF, V H and tt̄H) while

MC modelling systematics like QCD scale, PDFs and parton shower uncertainties are

considered for the VBF signal process. No other theoretical systematics sources are con-



CP violation measurement in VBF production 161

sidered for the Higgs production processes other than VBF, since they are negligible. The

only exception is a jet veto uncertainty applied to the ggF process since the BDT cut acts

like a third jet veto. This is evaluated using the Stewart-Tackmann method [115].

Theoretical uncertainties are evaluated as well for the Z → ττ background with the same

strategy as in the cross section analysis. These includes scale uncertainties, matching

between the matrix element and parton shower, resummation scale uncertainties, PDFs

and parton shower uncertainties. As for the cross section measurement, parton shower

uncertainties, derived by comparing Sherpa and Madgraph5 aMC@NLO, have lim-

ited statistics (in particular for what concerns the Madgraph5 aMC@NLO sample) and

therefore they are evaluated in the VBF region and then applied to the actual SRs. Ac-

ceptance and shape uncertainties arising from the mjj reweigthing applied for the Z → ττ

sample are evaluated in each region by comparing the reweighted and the non-reweighted

sample. Shape uncertainties for both the Optimal Observable and the mMMC
ττ have found

to be negligible and therefore only the acceptance uncertainties are considered.

Experimental uncertainties refer to luminosity, pile-up, jet related uncertainties, τ re-

construction, missing transverse momentum reconstruction, electrons and muons related

uncertainties and finally uncertainty due to the data-driven estimation of the misiden-

tified τ background. Particularly significant are jet energy scale and resolution, τhad-vis

energy scale and resolution, as well as τhad-vis reconstruction and efficiency. The evalua-

tion strategy is the same as in the cross section measurement except for some differences

which will be explained in the following.

The first difference concerns the jet energy resolution uncertainties. The evaluation of

these uncertainties considers some parameter variations in both data and MC and then

compares data and MC prediction. However, the statistics for data in the SR is small

and this led to very large variations causing negative event yields and consequently in-

stabilities in the fit. It was then decided to evaluate these uncertainties keeping only the

MC variations.

Another difference relates to the misidentified τ background in the τhadτhad channel. As

already mentioned in Section 6.6.2, the ∆Φττ reweighting is not applied in this analy-

sis, therefore the uncertainty due to the usage of this method is not taken into account.

The other major difference concerns the misidentified τ background template used in the

τhadτhad SR. This is derived by using a medium τ ID working point instead of the default

tight ID requirement. Since the template derived using the medium working point is then

scaled to the default template, only the shape of the Optimal Observable is affected. A

shape uncertainty have been derived in order to take into account differences between the

two templates. This uncertainty is estimated by deriving the bin by bin ratio between the

two templates in the VBF region and then applying it to the SR. In order to enhance the

statistics, a test has also been performed using the preselection region defined by the cuts

in Table 6.1 and requiring in addition the subleading jet to have pT > 30 GeV. Figure 6.12

shows the shape difference for the Optimal Observable between the two templates in the

preselection and VBF region. The resulting shape uncertainty is small compared to the

statistical uncertainty. Furthermore, the fit results did not show any difference between

the two regions since this uncertainty is pruned away in both cases.

Figure 6.13 shows some examples of significant uncertainties among the experimental and
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theoretical ones in the τhadτhad channel.

(a) (b)

Figure 6.12: Optimal Observable distributions for the misidentifed τ background in the

τhadτhad channel when requiring the two τ candidates to fulfill the tight ID requirement

(in green) or when requiring them to fulfill the medium ID requirement (in blue), either

in the preselection region (a) and in the VBF region (b).

6.8 Statistical analysis

The statistical framework on which the analysis is based is the same described in Sec-

tion 5.8.1.

The statistical analysis employs a binned likelihood function as well, L(x, ε, θ), which

is a function of the measured data x, the parameter of interest ε and further nuisance

parameters θ which takes into account the effect of systematic uncertainties, normaliza-

tion factors for the backgrounds and bin-by-bin statistical uncertainties. The likelihood

is built as the product of the Poisson probability terms for each bin in all the signal

and control regions and the terms which accounts for the systematic uncertainties. The

Optimal Observable distribution is used as the final discriminant in the SRs while the

mMMC
ττ distribution is employed in the CRs for constraining the Z → ττ background in

all the channels and the misidentified τ background in the τhadτhad channel. In addition,

the event yields in the Z → ll and top CRs are used for constraining the normalization

of these backgrounds in the τlepτlep channel. A summary of all the regions employed in

the fit is given in Table 6.4 with the exact binning used. The binning has been optimized

by requiring enough statistics for the signal and backgrounds, in order for the fit to not

show instabilities.

Only the VBF Higgs production mode is considered as signal while the other Higgs

production processes (ggF, V H and tt̄H) are considered together as backgrounds. The

most significant backgrounds, Z → ττ and the misidentified τ , are also considered sep-

arately. In addition, Z → ll and top-quark backgrounds are considered as additional

separate backgrounds in the τlepτlep channel. All the other backgrounds with minor con-

tribution are considered together.
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(a) (b)

(c) (d)

(e) (f)
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(g)

Figure 6.13: Example of systematic uncertainties in the τhadτhad channel, affecting either

acceptance and shape of the mMMC
ττ in the low-BDT CR and acceptance and shape of

the Optimal Observable in the SR. In particular the following systematics are shown: the

leading jet energy resolution uncertainty component for the misidentified τ process in the

low-BDT CR (a), one of the jet energy resolution uncertainty components for the Z → ττ

process in the low-BDT CR (b), tau energy scale uncertainty related to the tag and

probe measurement for the Z → ττ process in the low-BDT CR (c), the Z → ττ parton

shower uncertainty in the low-BDT CR (d), one of the jet energy resolution uncertainty

components for the Z → ττ process in the SR (e), the Z → ττ parton shower uncertainty

in the SR (f) and the Z → ττ scale uncertainties in the SR (g). The dashed band

indicates the statistical uncertainty. The distributions referring to the Z → ττ parton

shower uncertainty show only the+1σ variation since this is the only one provided and

then it is symmetrized before performing the fit. The Z → ττ scale uncertainty in the SR

(g) has been taken into account despite the large statistical uncertainty as the variation

was considered a real physical effect and not negligible.
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Region Definition Distribution, Binning

τlepτlep

SR
eeµµ

BDTscore > 0.78 Optimal Observable, [-15,-5,0,5,15]
eµ

Low-BDT CR
eeµµ BDTscore ≤ 0.78 mMMC

ττ , [0,80,100,120,140,200]

eµ

Top CR
eeµµ Nb-jets ≥ 1 1-bin

eµ

Z → ll CR eeµµ 80 < mll < 100 GeV 1-bin

τlepτhad

SR BDTscore > 0.86 Optimal Observable, [-15,-9,-6.3,-3,-0.9,0,0.9,3,6.3,9,15]

Low-BDT CR BDTscore ≤ 0.86 mMMC
ττ , [0,50,70,90,110,130,150,250]

τhadτhad

SR BDTscore > 0.87 Optimal Observable, [-15, -4.95, -2.4, 0, 2.4, 4.95, 15]

Low-BDT CR BDTscore ≤ 0.87 mMMC
ττ , [0, 60, 80, 90, 100, 110, 120, 130, 140, 200]

Table 6.4: Summary of signal and control regions for all the channels included in the fit

together with the binning used. The regions for the τlepτlep channel are further split into

same flavor and different flavor regions with the same distributions and binning.

The nuisance parameters are parametrized using the same pdfs as described in Sec-

tion 5.8.2. Gaussian distributions are used to parametrize systematic uncertainties while

normalization factors are parametrized using log-normal distributions. Finally, the gamma

distribution is used for the bin-by-bin statistical uncertainties, which are also encoded in

the fit as NPs. Some backgrounds have their normalization free to float in the fit and

they have associated normalization factors which the fit is able to determine. Specifically,

one NF is associated to the Z → ττ process correlated across all the channels, one NF

is associated to the misidentified τ background correlated across all the τhadτhad regions

and two NFs are used in the τlepτlep channel for the Z → ll and top-quark backgrounds.

The fit is then executed in the same way as in the cross section measurement. A maximum

likelihood fit is peformed, specifically using the test statistic tµ given in Equation 5.21,

where the tested hypothesis is the signal plus background model and the parameter of

interest, extracted from the fit, is the signal strength. However the aim of this measure-

ment is to estimate the parameter d̃. In order to achieve such a measurement, the fit is

repeated several times replacing the SM VBF signal with the relevant CP-mixed sample,

obtained by using the reweighting tecnique described in Section 6.4, and leaving the back-

ground model unchanged. A negative log-likelihood (NLL) curve is then constructed as a

function of d̃ and confidence intervals can be determined by using the Neyman construc-

tion [164]. Indeed, it can be shown that in the large sample limit the likelihood function

has a gaussian behaviour (therefore the logarithm of the likelihood has a parabolic shape)

and it is possible to derive the following expression:

− logL(
ˆ̃
d±Nσ) = − logLmax +

N2

2
(6.20)
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where the negative log-likelihood is chosen for convenience. This means a simple

prescription for deriving intervals since changing the estimated parameter by N stan-

dard deviations, leads to a a decrease (increase) of N2

2 of the log-likelihood (negative

log-likelihood). The difference between the NLL evaluated for each d̃ hypothesis and the

minimum found for the NLL (∆NLL = NLL - NLLmin) is then evaluated and the confi-

dence interval for d̃ is determined by reading off the points on the ∆NLL which reach a

certain treshold.

The technical framework used is the same employed in the cross section analysis, therefore

the same simplifications procedures described in Section 5.8.2 applies also here.

6.9 Results

The results obtained either with the τhadτhad channel standalone fit and when performing

a combined fit with the other channels will be presented in this Section. In order to

optimise the analysis sensitivity and to test the analysis strategy, Asimov fits have been

performed before looking at the actual data distributions and they are documented in

Section 6.9.1 while the observed results are described in Section 6.9.2.

6.9.1 Expected results

Expected results are discussed in this Section and they are obtained using an Asimov

dataset where the observed data are replaced by the SM prediction and all the NPs are

set to their nominal values.

H → τhadτhad

Expected results obtained with the τhadτhad channel standalone fit are presented here.

As described in Section 6.8, an expected ∆NLL curve is built in order to estimate con-

fidence intervals for d̃. The ∆NLL is shown together with the best-fit signal strength in

Figure 6.14 as a function of d̃. Since the fit is performed using an Asimov dataset, the

signal strength is constrained very close to 1 which is the assumed value for the signal

plus background hypothesis and decreases for less compatible CP-mixed models. The

∆NLL has the minimum value, corresponding to the d̃ parameter that describes data the

best, at zero as expected by construction of the Asimov dataset, meaning the the most

probable value for d̃ is obtained for the SM hypothesis. The ∆NLL has a parabolic shape

in a region close to its minimum value while it reaches a plateau for higher d̃ values. This

is a feature of the Optimal Observable of the first order which loses sensitivity when going

to high d̃ values.

It is possible to determine a confidence interval for d̃ at 68% CL using only the τhadτhad

channel. The resulted interval is d̃ ∈ [−0.090, 0.080]. In Figure 6.14 it is also shown

the behaviour of ∆NLL when no systematics uncertainties are included, meaning that

the corresponding NPs are set to constant. The impact of systematic uncertainties is

significant, resulting in a large drop of the plateau and in a ∼ 20% decrease in sensitivity

looking at the 68% CL interval.

The beahviour of NPs is also monitored by looking at their post-fit values and pulls.
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This is done in the fit for d̃ = 0, namely in the SM case. Figure 6.15 shows the NPs

listed in decreasing order of impact on the parameter of interest, i.e. the signal strength.

This result is obtained in the same way as for the cross section measurement by shift-

ing a given NPs to its ±1σ uncertainty and then repeating the fit for the other NPs.

The resulting impact on the signal strength is then shown in the figure as well as the

best-fit value for each NP determined by the fit. The highest ranked systematic is one

of the jet energy resolution uncertainty components and generally among the ones with

the largest impact many uncertainties are related to the jet or missing transverse mo-

mentum reconstruction. In addition, some of the tau related uncertainties, particularly

the tau energy scale uncertainty on the tag and probe measurement and the Z → ττ

normalization, contribute significantly. As expected, all the parameters are not pulled

and have their best-fit values at zero. Figure 6.16 also shows the pulls and constraints

for all the NPs involved in the τhadτhad standalone fit. As in the cross section analysis,

constraints are observed for the leading component of jet energy resolution uncertainty

(”jet jer np 0”) and the tau energy scale uncertainty on the tag and probe measurement

(”tau tes insitu”), and therefore they can be explained by the same reasons discussed

in Section 6.9.1. A strong constraint is instead the one exhibit by the Z → ττ parton

shower uncertainty (”Ztt theory MGvsSH”). This uncertainty, shown in Figure 6.13 for

either the signal and control regions, has a quite large variation. Due to the limited

statistics, the shape uncertainty on the Optimal Observable is considered negligible by

the fit while the shape uncertainty on the mMMC
ττ is retained. Figure 6.18 shows again the

Z → ττ parton shower uncertainty of Figure 6.13, once with the statistical uncertainty

of the default sample (Sherpa) and once with the statistical uncertainty of the Mad-

graph5 aMC@NLO sample. It can be seen how the Madgraph5 aMC@NLO sample,

used for the evaluation of this systematics, is statistically limited. Furthermore, it can be

observed that the uncertainty reaches up to 20% around the Z boson peak. These large

variations are the origin of the constraint as data in the low-BDT CR have a high purity

in Z → ττ events. The same effect with a similar behaviour has also been observed in

the τlepτlep channel. Finally, Figure 6.17 shows the correlations between NPs which are

higher than 0.25.

The impact of uncertainties split by categories is given in Table 6.5. The systematic

uncertainties are higher than the statistical ones even if the latter are still significant.

Among the systematics, jet and missing transverse energy related uncertainties and tau

related uncertainties have a considerable contribution.

Combined

The results of the τhadτhad channel are combined with those of the τlepτhad and τhadτhad

using a combined fit model as described in Section 6.8.

The resulted ∆NLL curve together with the best-fit signal strength are shown in Fig-

ure 6.19, where the various channel standalone fit results and the combined results are

superimposed in the same plot. All the curves have their minimum at d̃ = 0 as expected

and the sensitivity gradually decreases when reaching high d̃ values. The combined result

allows to determine the confidence interval d̃ ∈ [−0.032, 0.031] at 68% CL and to reach
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(a) (b)

Figure 6.14: Expected ∆NLL curve (a) and best-fit signal-strength (b) as a function of d̃

for the τhadτhad channel standalone fit.

POI Central Value

µ 1

Set of nuisance Impact on uncertainty

parameters

Total +0.68 / -0.68

Data statistics +0.42 / -0.38

Total systematic unc. +0.53 / -0.56

Z → ττ normalization +0.18 / -0.04

All normalizations +0.19 / -0.05

All but normalizations +0.53 / -0.56

Jets and Emiss
T +0.38 / -0.46

Falvor tagging +0.00 / -0.00

Electrons and muons +0.00 / -0.00

Tau +0.30 / -0.23

Pileup reweighting +0.05 / -0.13

Misedintified τ +0.00 / -0.00

Luminosity +0.04 / -0.01

Signal theory unc. +0.10 / -0.09

Z → ττ theory unc. +0.07 / -0.11

MC statistics +0.17 / -0.23

Set of nuisance Fractional impact on uncertainty

parameters (square of fraction of total)

Data statistics +0.39 / -0.31

Total systematic unc. +0.61 / -0.69

Z → ττ normalization +0.07 / -0.00

All normalizations +0.08 / -0.01

All but normalizations +0.60 / -0.68

Jets and Emiss
T +0.31 / -0.47

Flavor tagging +0.00 / -0.00

Electrons and muons +0.00 / -0.00

Tau +0.19 / -0.11

Pileup reweighting +0.01 / -0.04

Misedintified τ +0.00 / -0.00

Luminosity +0.00 / -0.00

Signal theory unc. +0.02 / -0.02

Z → ττ theory unc. +0.01 / -0.03

MC statistics +0.06 / -0.11

Table 6.5: Expected impact of uncertainties, grouped in categories, on the signal strength

for the τhadτhad channel standalone fit assuming the VBF SM signal. On the left absolute

values are shown while on the right the fractional contribution is given.

the 95% CL interval, which is found to be d̃ ∈ [−0.12, 0.10]. The sensitivity is mainly

driven by the τlepτhad and the τhadτhad channels.
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Figure 6.15: Expected impact of nuisance parameters on the signal strength for the

τhadτhad channel standalone fit assuming the VBF SM signal. The uncertainties are listed

in decreasing order of their impact on µ and only the 15 most highly ranked uncertainties

are shown. The hatched blue and the open blue boxes represent the +1σ and the −1σ

uncertainties respectively while the yellow box represent the pre-fit ones. Their fractional

impact is shown referring to the top x-axis. The pulls and constraints of the uncertain-

ties are indicated by the black points and lines, referring to the bottom x-axis. If the

uncertainty is not pulled nor constrainted the pull is 0 and the lines lie between +1 and

−1.

Figure 6.20 shows the NPs with the highest impact on the signal strength. Jet energy

resolution uncertainties, as well as VBF parton shower uncertainties have a high impact.

The large impact of the latter is driven by the τlepτhad channel. In addition, jet energy

scale, muon reconstruction and tau reconstruction appear among the uncertainties with



170 6.9 Results

Figure 6.16: Expected nuisance parameters pulls and constraints for the τhadτhad channel

standalone fit assuming the VBF SM signal.
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Figure 6.17: Expected nuisance parameters correlation for the τhadτhad channel standalone

fit assuming the VBF SM signal. Only the nuisance parameters with absolute correlation

higher than 0.25 are shown.

the largest impact as well as the normalization of the Z → ll background. The NPs pulls

and constraints can be seen in Figure 6.21. Here, the largest constraints are obtained

for the Z → ττ parton shower uncertainty, and the reason is explained in the τhadτhad

channel results in this Section, for the jet energy resolution and tau scale uncertainties,

and the motivation for these other constraints is the same as for the cross section analysis,

explained in Section 6.9.1. Correlations among the NPs can be seen in Figure 6.22. Some

large correlations that appear in the Figure are related to the pile-up reweighting uncer-
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(a) (b)

Figure 6.18: Behaviour of the Z → ττ parton shower uncertainty in the low-BDT CR.

The same uncertainty is shown once with the statistical uncertainty of Sherpa in the

ratio (a) and once with the statistical uncertainty of Madgraph5 aMC@NLO in the

ratio (b).

tainty in the τlepτlep channel and some of the bin-by-bin statistical uncertainties (these

in particular arise from some bins in the low-BDT CR of the τlepτlep SF channel).

Finally, the impact on the signal strength of the uncertainties per category is shown in

Table 6.6. As already seen for the τhadτhad channel, the highest contribution for the sys-

tematic uncertainties arises from jet and missing transverse momentum related uncertain-

ties. In addition, MC statistics and signal theory uncertainties give a large contribution

as well as the data statistics. In order to have an estimate of the impact of systematic

uncertainties on the extracted confidence interval for d̃, the fit has been repeated sev-

eral times removing systematic uncertainties corresponding to a certain category. The

result is shown in Figure 6.23, where it is possible to notice the large effect of jet related

uncertainties on the sensitivity.
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(a) (b)

Figure 6.19: Expected ∆NLL curve (a) and best-fit signal-strength (b) as a function of

d̃ for the combined H → ττ fit assuming the VBF SM signal. Both the ∆NLL resulting

from the standalone channel fits and the combined one are shown.

POI Central Value

µ 1

Set of nuisance Impact on uncertainty

parameters

Total +0.42 / -0.40

Data statistics +0.23 / -0.22

Total systematic unc. +0.34 / -0.34

Z → ττ normalization +0.08 / -0.02

All normalizations +0.11 / -0.07

All but normalizations +0.34 / -0.33

Jets and Emiss
T +0.24 / -0.26

Flavor tagging +0.02 / -0.02

Electrons and muons +0.09 / -0.12

Tau +0.13 / -0.10

Pileup reweighting +0.05 / -0.04

Misidentified τ +0.04 / -0.04

Luminosity +0.03 / -0.02

Signal theory unc. +0.15 / -0.11

Z → ττ theory unc. +0.11 / -0.09

MC statistics +0.12 / -0.13

Set of nuisance Fractional impact on uncertainty

parameters (square of fraction of total)

Data statistics +0.32 / -0.30

Total systematic unc. +0.68 / -0.70

Z → ττ normalization +0.04 / -0.00

All normalizations +0.07 / -0.03

All but normalizations +0.67 / -0.69

Jets and Emiss
T +0.33 / -0.41

Flavor tagging +0.00 / -0.00

Electrons and muons +0.05 / -0.09

Tau +0.10 / -0.06

Pileup reweighting +0.01 / -0.01

Misedintifed τ +0.01 / -0.01

Luminosity +0.01 / -0.00

Signal theory unc. +0.14 / -0.07

Z → ττ theory unc. +0.07 / -0.05

MC statistics +0.08 / -0.11

Table 6.6: Expected impact of uncertainties, grouped in categories, on the signal strength

for the combined H → ττ fit assuming the VBF SM signal. On the left absolute values

are shown while on the right the fractional contribution is given.
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Figure 6.20: Expected impact of nuisance parameters on the signal strength for the com-

bined H → ττ fit assuming the VBF SM signal. The uncertainties are listed in decreasing

order of their impact on µ and only the 15 most highly ranked uncertainties are shown.

The hatched blue and the open blue boxes represent the +1σ and the −1σ uncertainties

respectively while the yellow box represent the pre-fit ones. Their fractional impact is

shown referring to the top x-axis. The pulls and constraints of the uncertainties are in-

dicated by the black points and lines, referring to the bottom x-axis. If the uncertainty

is not pulled nor constrainted the pull is 0 and the lines lie between +1 and −1.
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Figure 6.21: Expected nuisance parameters pulls and constraints for the combined H →
ττ fit assuming the VBF SM signal.
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Figure 6.22: Expected nuisance parameters correlation for the combined H → ττ fit

assuming the VBF SM signal. Only the nuisance parameters with absolute correlation

higher than 0.25 are shown.
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Figure 6.23: Effect of systematic uncertainties on the expected ∆NLL. The grey curve

corresponds to the combined expected ∆NLL without systematics, while the other curves

are obtained by excluding time by time a certain category of systematics (jet related

systematic uncertainties, tau related systematic uncertainties and MC statistics) [145].
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6.9.2 Observed results

The final observed results will be presented in this Section. They are obtained by using

data in all the signal and control regions.

H → τhadτhad

The observed ∆NLL and best-fit signal strength curves as a function of d̃ are shown in

Figure 6.24. The ∆NLL presents a minimum at d̃ = −0.1, corresponding to the signal

model that describes data the best. It is also quite asymmetric, resulting in an observed

confidence interval larger than the expected. Indeed the confidence interval at 68% CL

for d̃ is [−0.4,−0.04]. The µ is forced to be positive, hence assuring only physical values.

For a better understanding of the observed results the fit performed using the SM signal

(d̃ = 0) are discussed. Table 6.7 reports the observed best-fit signal strength and the NFs

for the τhadτhad channel standalone fit. The resulting µ is 1.20+0.74
−0.77, therefore an excess

of data with respect to the signal and background expectations is observed. Furthermore,

the Z → ττ NF is 0.69 which results in a ∼ 30% decrease of the Z → ττ event yield in

the low-BDT CR. These features can be observed in Figure 6.25 as well, where the distri-

butions of the Optimal Observable in the SR and of the mMMC
ττ in the low-BDT CR after

performing the fit are shown. The ∆NLL behaviour can be partly explained by looking at

the asymmetric Optimal Observable distribution for data in Figure 6.25 and keeping in

mind that signals with positive d̃ values tend to have an Optimal Observable distribution

shifted to positve values while signals with negative d̃ values have the opposite behaviour.

The event yield in the low-BDT CR is instead reduced with respect to the expected and

this explains the reduction of the Z → ττ NF. In Table 6.8 are reported the observed

event yields for the τhadτhad channel standalone fit.

The observed impact of NPs on the signal strength is given in Figure 6.26 and shows a

similar behaviour as the expected, apart from the tau energy scale uncertainty which is

increased, due to adjustments of the fit. The NPs pulls and constraints, shown in Fig-

ure 6.27, do not exhibit any unexpected behaviour. The only large pull, not visible in the

Figure, refers to the pile up reweighting uncertainty (and it was more pronounced in the

combined fit). This pull is due to large shape variations for the Z → ττ process in the

SR and therefore it was decided to decorrelate this specific shape uncertainty in order to

not propagate the pull to the other channels in the combined fit. There are indeed two

different uncertainties that appear in the plots one called ”prw datasf” and one called

”prw datasf ztt hadhad oo shape” which refers to the Optimal Observable shape uncer-

tainty for Z → ττ . The correlations among NPs are shown in Figure 6.28.

Finally, the impact of the systematic uncertainties is summarised in Table 6.9. As ex-

pected, the major contributions to the uncertainties, beside data statistics, arises from

jet and missing transverse momentum related uncertainties, tau related uncertainties and

MC statistics.
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Figure 6.24: Observed ∆NLL curve (a) and best-fit signal-strength (b) as a function of d̃

for the τhadτhad channel standalone fit.

Parameter Value

µ 1.20+0.74
−0.77

Z → ττ NF 0.69± 0.13

Misedintifed τ NF 1.10± 0.13

Table 6.7: Observed signal strength and normalization factors values from the τhadτhad

standalone fit assuming the VBF SM signal.

Combined

The presence of CP violation would cause an asymmetry of the Optimal Observable.

Indeed the mean value of the Optimal Observable is expected to be zero under the SM

assumption, either for the signal and for the backgrounds. Observing a mean value

shifted from zero, would be a sign of the presence of CP violating effects and therefore,

directly measuring the Optimal Observable mean value allows to perform an almost model

independent test of CP violation. The observed mean values of the Optimal Observable

distribution for data are listed in Table 6.10 for each channel and for their combination.

All the observed values are consistent with zero and therefore no hint for CP violation is

observed.

A maximum likelihood fit is then performed as for the τhadτhad channel but exploiting

the informations from all the signal and control regions of the four analysis channels.

The resulting combined ∆NLL and signal strength curves as a function of d̃ are shown in

Figure 6.29 along with each channel standalone ∆NLL curves. The minimum value of the
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Process τhadτhad

Region Low-BDT CR SR

Misidentified τ 662.12 ± 62.23 5.04 ± 3.11

Other backgrounds 70.34 ± 9.95 3.13 ± 1.34

Z → ττ 720.51 ± 64.53 10.13 ± 3.65

Other Higgs prod. (ggF, V H, tt̄H) H → ττ 15.24 ± 6.72 2.88 ± 1.42

Sum of backgrounds 1468.21 ± 38.73 21.18 ± 4.98

VBF H → ττ (d̃ = 0) 14.07 ± 2.38 13.72 ± 2.08

Data 1479 37

Table 6.8: Event yields for signal and background after performing the τhadτhad channel

standalone fit assuming the VBF SM signal.

POI Central Value

µ 1

Set of nuisance Impact on uncertainty

parameters

Total +0.75 / -0.75

Data statistics +0.44 / -0.40

Total systematic unc. +0.60 / -0.64

Z → ττ normalization +0.22 / -0.06

All normalizations +0.24 / -0.09

All but normalizations +0.60 / -0.64

Jets and Emiss
T +0.40 / -0.52

Flavor tagging +0.00 / -0.00

Electrons and muons +0.00 / -0.00

Tau +0.38 / -0.36

Pileup reweighting +0.15 / -0.20

Misidentified τ +0.003 / -0.01

Luminosity +0.04 / -0.02

Signal theory u1c. +0.10 / -0.08

Z → ττ theory unc. +0.06 / -0.10

MC statistics +0.20 / -0.28

Set of nuisance Fractional impact on uncertainty

parameters (square of fraction of total)

Data statistics +0.34 / -0.28

Total systematic unc. +0.65 / -0.72

Z → ττ normalization +0.08 / -0.005

All normalizations +0.10 / -0.01

All but normalizations +0.64 / -0.71

Jets and Emiss
T +0.28 / -0.47

Flavor tagging +0.00 / -0.00

Electrons and muons +0.00 / -0.00

Tau +0.25 / -0.23

Pileup reweighting +0.04 / -0.07

Misedintifed τ +0.00 / -0.00

Luminosity +0.00 / -0.00

Signal theory unc. +0.02 / -0.01

Z → ττ theory unc. +0.01 / -0.02

MC statistics +0.07 / -0.14

Table 6.9: Observed impact of uncertainties, grouped in categories, on the signal strength

for the τhadτhad channel standalone fit assuming the VBF SM signal. On the left absolute

values are shown while on the right the fractional contribution is given.
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(a) (b)

Figure 6.25: Distributions for the Optimal Observable in the SR and the mMMC
ττ in the

CR after performing the τhadτhad channel standalone fit.

∆NLL is observed at d̃ = −0.01 and the best-fit signal strength extracted from the fit is

µ = 0.73± 0.46. The resulting confidence interval is d̃ ∈ [−0.090, 0.035] at 68% CL which

is larger than the expected one and despite the expectation, no confidence interval at 95%

CL can be determined. The observed results can be understood by looking at Figure 6.30

where different ∆NLL curves are shown corresponding to different setups for the fits:

beside the combined and expected Asimov fits, other two fits have been performed, once

constructing an Asimov dataset with all the NPs and NFs coming from a fit to data using

only CRs and with µ = 1 and once constructing the same Asimov dataset but using the

best-fit signal strength, µ = 0.73. Therefore, the effect of the NPs and NFs can be seen

by looking at the difference between the pre-fit expected curve and the curve obtained

for d̃ = 0 and µ = 1 when using all the NPs and NFs constrained by a CR-only fit to

data. This indicates that the preferred NPs and NFs values, based on the observed data

in the CRs, lead to a decrease in sensitivity. A further drop in sensitivity can be noticed

by looking at the ∆NLL curve which has the signal strength µ set to the observed value,

µ = 0.73, beside all the NPs and NFs set to their best-fit values from the CR-only fit

to data. This demonstrates that another main reason for the reduced sensitivity is the

observed low signal strength value.

Table 6.11 quotes all the observed best-fit values for the signal strength and for the NFs,

both for the combined and the standalone channel fits.

Figure 6.32 and 6.31 show the distributions of the Optimal Observable in the SRs and of

the mMMC
ττ in the CRs respectively. These distributions are obtained after performing the

fit and using all the parameters as determined by the combined fit. In addition, the signal

corresponds to the best-fit d̃ value observed, i.e. d̃ = −0.01 and also µ = 0.73. Very good

modelling of the mMMC
ττ distribution in the CRs can be observed and this is expected as
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Figure 6.26: Observed impact of nuisance parameters on the signal strength for the

τhadτhad channel standalone fit assuming the VBF SM signal. The uncertainties are listed

in decreasing order of their impact on µ and only the 15 highly ranked uncertainties are

shown. The hatched blue and the open blue boxes represent the +1σ and the −1σ un-

certainties respectively while the yellow box represent the pre-fit ones. Their fractional

impact is shown referring to the top x-axis. The pulls and constraints of the uncertain-

ties are indicated by the black points and lines, referring to the bottom x-axis. If the

uncertainty is not pulled nor constrainted the pull is 0 and the lines lie between +1 and

−1.

this is the variable used in the fit. A good modelling within uncertainties can also be seen

for the Optimal Observable distributions in the SRs. The same statement applies to the

results reported in Table 6.12 and 6.13, which show the event yields in the SRs for data,

for all the background processes and either for the VBF SM signal (µ = 1, d̃ = 0) and for
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Figure 6.27: Observed nuisance parameters pulls and constraints for the τhadτhad channel

standalone fit assuming the VBF SM signal.
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Figure 6.28: Observed nuisance parameters correlation for the τhadτhad channel standalone

fit. Only the nuisance parameters with absolute correlation higher than 0.25 are shown

assuming the VBF SM signal.

the VBF signal considering the best-fit d̃ and µ values (µ = 0.73 , d̃ = −0.01).

Both the combined signal strength and the combined ∆NLL are in some cases lower

than the standalone channel curves. This can happen since the signal is correlated across

the channels and also are most of the NPs. Thus, the combined ∆NLL has a non-trivial

behaviour and it is not simply the sum of the individual ∆NLL. In order to better visualize

the contribution of each channel to the combined result, another fit has been performed

exploiting the regions of the channel used and only event yield information from the other

channels SRs. This ensures that the minimum value for the standalone channel ∆NLL
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Channel Optimal Observable

τlepτlep SF −0.54± 0.72

τlepτlep DF 0.71± 0.81

τlepτhad 0.74± 0.77

τhadτhad −1.13± 0.64

Combined −0.19± 0.37

Table 6.10: Optimal Observable mean values observed in data for each analysis channels

and for their combination. The values are reported along with their statistical uncertain-

ties.

is not biased from the other channels Optimal Observable distributions. This is shown

in Figure 6.33. The τhadτhad sensitivity is therefore reduced while the τlepτhad one is

enhanced. In addition, the τlepτlep SF and DF contribution are shown separately and it

can be noticed the sizeable contribution to the sensitivity given by the τlepτlep SF channel

despite the low signal to background ratio of this region (keeping in mind that the analysis

aims at the d̃ measurement and not at the cross section or signal strength one).

Finally, the behaviour of the NPs has been analysed for the fit which assumes the SM

hypothesis. Figure 6.34 shows the systematic uncertainties impact on the signal strength.

The parameters with the highest impact are related to jet energy resolution, tau energy

scale uncertainty as well as parton shower uncertainty for the VBF signal. They are in

agreement with the expectations apart from the tau energy scale uncertainty on the tag

and probe measurement, which has an increased impact driven by the τhadτhad channel.

Figure 6.35 shows the NP pulls and constraints and Figure 6.36 shows the correlation

among them. They do not exhibit any unexpected behaviour apart from some pulls in

the τlepτlep channel which originate from some specific uncertainty for the Z → ll process

and have been decorrelated as done for the pile-up reweighting uncertainty in the τhadτhad

channel. The observed impact on the signal strength of systematic uncertainties is given

in Table 6.14. The large impact of systematic uncertainties can be noticed, in particular of

the jet and missing transverse momentum related uncertainties, the τ based uncertainties

and the MC statistics.

Parameter Combined τlepτlep τlepτhad τhadτhad

µ 0.73± 0.47 1.32+1.42
−3.07 0.76+0.57

−0.51 1.20+0.74
−0.77

NF(Z → ττ) 0.93± 0.08 0.93± 0.14 0.90± 0.09 0.69± 0.13

NF(Z → ll) 0.99± 0.36 0.99± 0.36 −− −−
NF(Top) 1.16± 0.06 1.14± 0.07 −− −−
NF(Misidentified τ) 0.99± 0.09 −− −− 1.10± 0.13

Table 6.11: Observed signal stregnth and normalization factors for the backgrounds values

exctracted from the combined H → ττ fit assuming the VBF SM signal. The channel

standalone fit values are reported as well.



CP violation measurement in VBF production 183

(a) (b)

Figure 6.29: Observed ∆NLL curve (a) and best-fit signal-strength (b) as a function of d̃

for the combined H → ττ fit. Both the ∆NLL resulting from the standalone channel fits

and the combined one are shown.

Process τlepτlep SF τlepτlep DF

Data 26 30

VBF H → ττ/WW (µ = 0.73, d̃ = −0.01) 3.3± 2.1 5.1± 3.1

VBF H → ττ/WW (µ = 1, d̃ = 0) 4.5± 2.9 6.9± 4.4

Z → ττ 6.6± 3.7 8.2± 3.8

Misidentified τ 0.02± 0.20 2.3± 0.7

Top-quark 3.8± 2.3 10.6± 5.5

Z → ll 11± 18
1.8± 1.1

Diboson 0.70± 0.59

ggF/ V H/ tt̄H, H → ττ/WW 0.49± 0.48 0.70± 0.30

Sum of backgrounds 23± 17 23.6± 6.1

Table 6.12: Event yields in the τlepτlep SF and τlepτlep DF SRs, after performing the H →
ττ combined fit. The expected event yields for the VBF signal with the corresponding

best-fit signal strength and d̃ values (µ = 0.73, d̃ = −0.01) is also shown.
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Figure 6.30: ∆NLL curves as a function of d̃ for the combined H → ττ fit. The combined

observed and the expected ∆NLL are shown in the same plot together with other two

∆NLL curves. These are obtained by fitting an Asimov dataset wich is obtained using

NPs and NFs obtained in a CR-only fit to data, once using µ = 1 and once using the

best-fit signal strength µ = 0.73 [145].

Process τlepτhad τhadτhad

Data 30 37

VBF H → ττ/WW (µ = 0.73, d̃ = −0.01) 11.8± 7.4 8.9± 5.6

VBF H → ττ/WW (µ = 1, d̃ = 0) 16± 10 12.3± 7.7

Z → ττ 7.8± 3.5 15.5± 5.2

Misidentified τ 6.2± 1.0 5.4± 2.7

ggF/ V H/ tt̄H, H → ττ/WW 2.1± 1.5 2.8± 1.4

Other backgrounds 2.8± 3.1 2.3± 0.8

Sum of backgrounds 19.0± 5.5 26.0± 6.6

Table 6.13: Event yields in the τlepτhad and τhadτhad SRs, after performing the H → ττ

combined fit. The expected event yields for the VBF signal with the corresponding best-fit

signal strength and d̃ values (µ = 0.73, d̃ = −0.01) is also shown.
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(a) (b)

(c) (d)

Figure 6.31: Optimal Observable distributions in the SR, after performing the combined

H → ττ fit for each of the four analysis channel. The values d̃, signal strength and all

the nuisance parameters and normalization factors are set to their best-fit values. Both

statistical and systematic uncertainties are considered in the hatched band in the ratio.
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(a) (b)

(c) (d)

Figure 6.32: mMMC
ττ distributions in the low-BDT CR, after performing the combined

H → ττ fit for each of the four analysis channel. The signal contamination is negligible.

Both statistical and systematic uncertainties are considered in the hatched band in the

ratio.
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Figure 6.33: Observed ∆NLL curves for each analysis channel and for the combined result

as a function of d̃. The individual channel ∆NLL curves are obtained by using all the

regions of the featured channel plus the event yields from the SRs of the other channels.

POI Central Value

µ 0.73

Set of nuisance Impact on uncertainty

parameters

Total +0.49 / -0.48

Data statistics +0.25 / -0.23

Total systematic unc. +0.43 / -0.42

Z → ττ normalization +0.06 / -0.01

All normalizations +0.09 / -0.05

All but normalizations +0.43 / -0.42

Jets and Emiss
T +0.29 / -0.32

Flavor tagging +0.03 / -0.03

Electrons and muons +0.14 / -0.20

Tau +0.18 / -0.15

Pileup reweighting +0.06 / -0.08

Misidentified τ +0.05 / -0.06

Luminosity +0.03 / -0.02

Signal theory unc. +0.20 / -0.12

Z → ττ theory unc. +0.11 / -0.08

MC statistics +0.19 / -0.23

Set of nuisance Fractional impact on uncertainty

parameters (square of fraction of total)

Data statistics +0.25 / -0.24

Total systematic unc. +0.75 / -0.76

Z → ττ normalization +0.02 / -0.00

All normalizations +0.03 / -0.01

All but normalizations +0.73 / -0.75

Jets and Emiss
T +0.35 / -0.43

Flavor tagging +0.00 / -0.00

Electrons and muons +0.08 / -0.17

Tau +0.13 /-0.10

Pileup reweighting +0.02 / -0.03

Misedintifed τ +0.01 / -0.01

Luminosity +0.00 / -0.00

Signal theory unc. +0.20 / -0.12

Z → ττ theory unc. +0.16 / -0.06

MC statistics +0.15 / -0.23

Table 6.14: Observed impact of uncertainties, grouped in categories, on the signal strength

for the combined H → ττ fit. On the left absolute values are shown while on the right

the fractional contribution is given.
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Figure 6.34: Observed impact of nuisance parameters on the signal strength for the com-

bined H → ττ fit assuming the VBF SM signal. The uncertainties are listed in decreasing

order of their impact on µ and only the 15 highly ranked uncertainties are shown. The

hatched blue and the open blue boxes represent the +1σ and the −1σ uncertainties re-

spectively while the yellow box represent the pre-fit ones. Their fractional impact is shown

referring to the top x-axis. The pulls and constraints of the uncertainties are indicated

by the black points and lines, referring to the bottom x-axis. If the uncertainty is not

pulled nor constrainted the pull is 0 and the lines lie between +1 and −1.
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Figure 6.35: Observed nuisance parameters pulls and constraints for the combined H →
ττ fit assuming the VBF SM signal.
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Figure 6.36: Observed nuisance parameters correlation for the combined H → ττ fit.

Only the nuisance parameters with absolute correlation higher than 0.25 are shown.
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6.10 Comparison with other analysis

As described in Section 6.1, other analysis in both CMS and ATLAS experiments have

studied the structure of the HV V vertex, setting limits on a parameter that quantify CP

violation. However they all used different parametrizations.

The ATLAS analysis which study the HV V vertex in the Higgs decay channel (H → V V )

use a parametrization which is based on the Higgs characterisation model [165]. The

corresponding Lagrangian, considering only the SM and a CP-odd contribution, is the

following:

Leff = H

{
cακSM

[
1

2

2m2
V

v
ZµZ

µ + gHWWWµW
µ

]

− 1

4

1

Λ
sακAZZZµνZ̃

µν − 1

2

1

Λ
sακAWWW

+
µνW̃

−µν
} (6.21)

where Λ is the energy scale at which new physics appear, cα and sα are the cosine

and sine of the α angle respectively, which represent the mixing between the 0+ and the

0− states, and v is the vacuum expectation value. The parameter that the H → V V

Run 1 ATLAS analysis uses for the fit is equivalent to d̃ (for the assumption used in the

presented analysis, d̃ = d̃B), i.e.,

d̃ = −k̃AV V /κSM tanα (6.22)

where k̃AV V has the following relation with the strength of the coupling appearing in

the Higgs characterisation lagrangian, kAV V ,

k̃AV V =
1

4

v

Λ
kAV V (6.23)

The analysis described in this work and the H → V V analysis performed in ATLAS

during Run 1 data taking can be strictly compared. More recent Run 2 measurements

performed in ATLAS, as already mentioned, exploit rate information as well and therefore

a comparison can be only carried out with some caveats. In particular, a measurement

in the H → ZZ [139] has been exploited using the same parametrization aforementioned.

However, the fitted parameter is kAV V tanα where α is arbitrarily set to π/4. In addition,

the energy scale Λ is set to 1 TeV and the coupling kSM is set to the SM value of 1. Another

fit is also performed with the same setup but with the kSM coupling left free to float.

The CMS collaboration uses the following ansatz for the amplitude A(H → V V ), when

only considering a SM like contribution and an anomalous CP-odd contribution:

A(H → V V ) =
1

v
ε∗µ1 ε∗ν2 (g1M

2
V gµν − 2g4εµναβp

α
1 p

β
2 ) . (6.24)

Comparing this with the vertex structure Tµν(p1, p2), shown in Section 6.2, we can

notice that d̃ is equal to the ratio of |g1| over |g4|:

d̃ =
|g1|
|g4|

(6.25)
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Decay Dataset exp. CI obs. CI exp. CI obs. CI

68% CL 68% CL 95% CL 95% CL

CMS [140] H → V V Run 1 [-1.45, 1.45 ] [-0.78, 0.78 ] [-2.81, 2.81 ] [-1.61, 1.65 ]

CMS [142] H → V V Run 1 + Run 2 (80 fb−1) [-0.11, 0.11 ] [-0.10, 0.05 ] [-0.76, 0.76 ] [-1.12, 0.80 ]

CMS [143] H → ττ Run 2 (80 fb−1) [-0.043, 0.043 ] [-0.053, 0.078 ] [-0.154, 0.154 ] N.A.

CMS [143] Combination [-0.039, 0.039 ] [-0.042, 0.042 ] [-0.086, 0.086 ] [-0.81, 0.30 ]

ATLAS [136] H → V V Run 1 N.A. N.A. [-2.33, 2.30 ] [-2.18, 0.83 ]

ATLAS [139] H → ZZ Run 2 (36.1 fb-1) (kSM = 1) N.A. N.A. [-0.22, 0.22 ] [-0.31, 0.31 ]

ATLAS [139] H → ZZ Run 2 (36.1 fb-1) (k̂SM = 1.2) N.A. N.A. [-0.18, 0.18 ] [-0.26, 0.26 ]

ATLAS [144] H → ττ Run1 [-0.18, 0.18 ] N.A. N.A. N.A.

ATLAS [145] H → ττ Run2 (36 fb−1) [-0.035, 0.033 ] [-0.090, 0.035 ] [-0.21, 0.15 ] N.A.

Table 6.15: Comparison of observed and expected confidence intervals for d̃ at 68% and

95% confidence level (CL).

Than the CMS analysis use the following cross section ratio:

f3 = fg4 =
|g4|2σ4

|g1|2σ1 + |g4|2σ4
=

r2
41

1 + r2
41

(6.26)

with

r41 =
|g4|
|g1|

√
σ4

σ1
(6.27)

The σ1 cross section correspond to the SM cross section obtained for g1 = 1 and g4 = 0

and σ4 is the cross section for a CP-odd coupling, obtained for g1 = 0 and g4 = 1. The

numerical values for the ratio |σ4|/|σ1| are 0.143 (0.153) at a center of mass energy of

8 (13) TeV respectively. The f3 cos(φ3) with φ3 = 0 and φ3 = π is then the parameter

extracted from the fit.

A summary of the results of all the analysis mentioned is given in Table 6.15 with the

caveat that the H → ZZ Run 2 ATLAS analysis cannot be rigorously compared. The

analysis described in this work is highly competitive. Indeed, it provides the best esti-

mation of the 68% CL interval and also the confidence interval determined at 95% CL is

larger only than the CMS combined result between the VBF production measurement in

H → ττ and the measurement in the H → V V decay.

6.11 Conclusion

This Chapter describes a CP violation measurement performed in the H → ττ decay

channel, using data recorded by ATLAS at
√
s = 13 TeV and corresponding to 36.1 fb−1.

This measurement has exploited the technique of Optimal Observable which allows to

perform a direct test of CP invariance and has shown high potentiality for constraining

the d̃ parameter, which quantifies the amount of CP violation.

A 68% CL interval for d̃ is then found to be [-0.090, 0.035] which has to be compared

to the expected interval of d̃ ∈ [−0.035, 0.033]. No confidence interval can be determined

at 95% CL, despite an expected interval of d̃ ∈ [−0.21, 0.15]. The τhadτhad channel pro-

vide a significant contribution, also being partly responsible of Run 1 measurement [144]

improvement, which did not exploit this decay channel. Indeed, the same measurement



performed during Run 1 data found an observed (expected) confidence interval for d̃ of

[-0.11, 0.05] ([-0.18, 0.18]) at 68% CL.
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Appendix A

Pixel detector studies

A.1 Introduction

The work related to the ATLAS Pixel detector [48] [49], mentioned in the introduction,

will be summarised in this Appendix.

As described in Chapter 2, the ATLAS pixel detector is the innermost part of the ATLAS

detector. It consists of four cylindrical layers in the barrel region and three disks for each

end-cap. The first layer, called Insertable B-Layer (IBL), was installed during the first

long shutdown, between a new smaller beam pipe and the orignal first layer of the pixel

detector.

The pixel detector is the first stage of the tracking system and it has many purposes such

as the identification of the primary vertex, the reconstruction of the secondary vertex and

the track impact parameter measurement. The pixel detector allows to perform these

tasks with high accuracy, thanks to its high granularity and good spatial resolution. The

IBL, in particular, has helped to reach better track and vertex reconstruction perfor-

mance, considering the higher Run 2 luminosities, and to reduce the impact on tracking

of the radiation damage on the original innermost layer.

The work done for the pixel detector, has mainly concerned studies on the errors flagged

by the front-end chips and the read-out in order to look at possible correlations with

occupancy and beam conditions. In addition, I took care of the maintenance and modifi-

cations of two related software packages which are able to convert and monitor data and

informations coming from the pixel modules. Therefore, both the errors studies and the

more technical work on the software, are strictly related to the data quality monitoring,

which is essential to produce the final good run lists (GRL) used for physics analysis.

A.2 The ATLAS Pixel detector

The ATLAS pixel detector has been designed in order to achieve the high performances

mentioned in Section A.1. These requirements concern good resolution for the transverse

impact parameter (∼ 15 µm) and in the longitudinal z-coordinate, allowing pimary vertex

reconstruction of charged tracks with σ(z) < 1 mm, the maximum possible solid angle

coverage (|η| < 2.5), very good b-tagging efficiency, minimal amount of material for all the

elements in the system in order to reduce multiple scattering and secondary interactions

and finally radiation hardness.

195



196 A.2 The ATLAS Pixel detector

Layer Mean Radius [mm] Staves Modules Pixels (×106)

IBL 25.7 14 224 6.02

B-Layer 50.5 22 286 13.2

Layer 1 88.5 38 494 22.8

Layer 2 122.5 52 676 31.2

Table A.1: Main parameters of the pixel detector in the barrel region.

Layer Mean Radius [mm] Sectors Modules Pixels (×106)

Disk 0 495 8 48 4.4

Disk 1 580 8 48 4.4

Disk 2 650 8 48 4.4

Table A.2: Main parameters of the pixel detector in the endcap region.

The basic structures of the active part of the pixel detector are the modules which are

composed of silicon sensors, front-end chips and control circuits. Modules are mounted

in structures which provide mechanical support and cooling and are called staves in the

barrel region and sectors for the disk layers in the end-caps. There are 13 modules on a

stave and the stave layout is identical for all pixel layers while in the case of IBL there

are 16 modules per stave. The most pixels have size 50 × 400 µm2, while IBL pixel

dimensions are 50 × 250 µm2. In Table A.1 and Table A.2 are summarized the pixel

detector parameters for the barrel and the endcap regions respectively.

A.2.1 Sensors and front-end electronics

In this Section, sensors and front-end electronics [166] will be briefly summarized because

they are preparatory to understand the errors studies. Since both the sensors and the

electronics architecture are different among the pixel layers and the IBL, they will be

described separately.

Pixel layers

The sensitive part of the pixel detector is composed of solid state ionization chambers

made up by a n-type bulk semiconductor with implantations of high positive p+ and

negative n+ dose regions on the sides of the wafer. The sensor is reverse polarized in

order to extend the depletion region. Each sensor tile contains 47232 pixels. Not all the

pixels have a separate readout channel, indeed there are a total of 46080 independent

channels per sensor tile.

In the case of pixel layers, 16 front-end chips (FEs) are interfaced with one sensor tile,

arranged in two columns, each of them composed by 8 FEs. Considering the high amount

of channels and the radiation hardness requirements, the FE chips were realized using

the so-called FE-I3 architecture, consisting in a 250 nm CMOS technology. Each FE-I3
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contains 2880 pixels cells and each of these pixel cells is connected to an analog circuit

where the charge signal is amplified before being digitalized. The signal amplitude can be

measured by using the Time over Threshold (ToT), namely the width of the preamplifier

output. The duration of the ToT is measured by using a 40 MHz clock, which is the

frequency of the LHC bunch-crossings. Finally, the signal passes through a discriminator

where it is compared to a programmable threshold. The value of the threshold, the

threshold current and some other parameters are then handled by a digital circuit. A

8-bit coded time stamp is then assigned to the leading edge and the trailing edge of each

hit. When the hit processing is complete, this information is then transferred to the End

Of Column (EoC) using a priority mechanism. This buffering is required because all the

hits are transferred to the EoC as soon as they are detected. The hit informations waits

then for the Level 1 (L1) trigger decision. Only the hits belonging to events accepted by

L1 are stored while the other ones are cleared from the EoC buffers. The hits information

is then extracted from the EoC buffers, serialized and sent to the Module Controller Chip

(MCC).

The MCC [167] is the chip interfaced with the sixteen FE-I3 chips. It has three main tasks:

loading the parameter and configuration data in the FEs, distributing timing signals like

L1 trigger and bunch-crossings, and FE-chip readout and event building. Figure A.1

shows a block diagram which describes the MCC internal architecture. In particular, it

is composed of:

• Front end port: this block interfaces the MCC with the FE chips.

• Module port: this block interfaces the MCC to the signals going to the Read-Out

system.

• Command decoder: this block receives and decodes all the commands sent to the

MCC like the L1 trigger command.

• Register bank: this block contains the set of configuration registers used by the

MCC.

• TTC (Trigger, Timing and Control): after a L1 trigger command is received

by the MCC, this block generates the L1 trigger to be sent to the FE chips. It also

deals with event memory space overflows by stopping the generation of L1 trigger

commands if more than 16 events are pending for transmission to the ROD. Indeed,

by construction, the MCC is able to receive a maximum of 16 events, one for each

FE.

• Receiver: this block is repeated 16 times, one for each FE. The hit information

received by the FEs is stored in the ReceiverFIFO. This block is also able to detect

the End of Event (EoE) word which determines that the hit information is complete.

• Event Builder: this block is responsible for the reconstruction of the event. Each

time a L1 trigger is decoded by the Command Decoder, the content of the L1

trigger counter and the bunch crossing clock are stored in the PendingLv1FIFO.

The EventScoreboard is used to keep track of the events stored in the Receiver.
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Figure A.1: MCC diagram [167].

When a certain event is fully contained in the MCC, it can be processed by the

Event Builder.

IBL

The IBL layer exploits two different technologies for the sensors: both planar and 3D

design [168]. Planar sensors are similar to the ones used in the other pixel layers but

with stricter requirements. In particular, they have to deal with a fluence of up to

5×1015neq/cm2. 3D sensors are implemented as well in IBL. They are characterized by a

different structure, specifically the electrodes penetrate vertically the bulk instead of being

on the surface. 3D sensors need smaller depletion voltage due to smaller distance between

the electrodes and have smaller charge-collection distance and consequently shorte pulse

rise-time.

The FE electronics interfaced with these sensors is different from that used for the pixel

layers. The redesign of the FE-I3 architecture was mainly due to the higher fluence, to

wich the IBL is exposed, and the higher hit rates. The main difference is that the FE-I4 is

a standalone unit and does not require a MCC. The FE-I4 is composed by an analog and

a digital part of the circuit. The analog section is composed by an amplifying architecture
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and a discriminator, similarly to the FE-I3 chip, but optimized for having low noise and

fast rise-time. In order to deal with the high hit rate, the hits are recorded in local buffers

at pixel level. Four pixels share the same digital processing. However, each pixel has its

own circuitry where the ToT is measured and the hits are discriminated into small and big

hits. Exploiting the fact that the hits are generally clustered, i.e. smaller hits are usually

closer to bigger hits, a neighbour logic is used in order to associate small hits to big hits.

This results in a reduced time loss. When triggered hits are available, they are sent to

the End of Column logic. The peripheral logic, consisting of another block called End of

Chip logic, is then responsible for the communication and the operational tunings. These

include the 40 MHz clock, trigger commands and global register configuration. When a

trigger command is decoded, it is then sent to the End of Column logic and finally to the

pixels.

A.2.2 Off-detector readout

Data acquired in the front-end electronics are then moved to the off-detector Read-Out

Drivers (RODs). This is relevant for the error studies since errors can also be flagged by

the Read-Out system. Each module (FE chip in the case of IBL) is connected to the ROD

through optical-fiber links. One link is used to transmit clock, trigger and configuration

data, while other two are used for the event readout. The full pixel detector system

architecture is summarized in Figure A.2.

Figure A.2: Pixel detector system architecture split into on-detector electronics and off-

detector electronics.

A.3 Errors studies

In this Section, the studies made on the errors flagged by the front-end chips and the

read-out system, are described. They are deeply connected to the software maintenance

and development work. All the studies have been performed using the ATLAS official

software framework called ATHENA [65].

A.3.1 ATHENA framework

ATHENA is the official ATLAS software framework. It is employed for the processing

and reconstruction of data and also for simulation and physics analysis. It consists of
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many packages written in C++ language, which can be executed using Python scripts,

called JobOptions. The latter are very useful for fully configure any Athena component.

Two specific packages have been used for these studies: one called ”PixelRawDataByteStream-

Cnv” (Pixel ByteStream Converter) which is able to read and convert data and informa-

tions coming from the front-end chips and the read-out and another one called ”Pix-

elMonitoring” (Pixel Monitoring) which receives the data decoded by the ByteStream

Converter and organizes them in dedicated histograms which are essential for the data

quality checks.

The errors studies have been performed running the ATHENA framework over Raw Data,

which contains directly the output of the ATLAS detector.

A.3.2 Data format

Pixel

As already mentioned, when a Trigger command is decoded by the MCC data are then

trasmitted from the FE chips to the MCC. Each hit information contains a 1-bit header,

followed by a 4-bit code for the Level 1 Trigger, an 8-bit row number, a 5-bit column

number and finally a 8-bit ToT value. In addition, the FE encodes an End of Event

(EoE) word and warning messages. The data format for transmission from the FE to the

MCC is shown in Figure A.3.

The data from the 16 FEs are then sent to the MCC. The event data format from the MCC

to the ROD, can be seen in Figure A.4. In addition to the hit information aforementioned,

16 bit are dedicated to the MCC- and FE-flag error words. Example one shows an event

with two hits belonging to the same FE chip. The second example shows an event with

two hits as well but belonging to different FE chips. Finally, the last example shows an

event with one hit and one FE-flag error word.

Figure A.3: Data format for event transmission from the FEs to the MCC.
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Figure A.4: Event data format at the MCC output.

IBL

In the case of IBL FE architecture, the informations are organized in 24-bit records which

can be Data Header, Data Record, Address Record, Value Record or Service Record.

The Data Header contains one code for the recognition of the start of transmission (11101),

one unique code for data header and a flag which indicates that errors have been logged.

In addition, it comprehends the Level 1 trigger counter and the BCID counter. The

former has 12 bits, 5 of them are stored in the data header and the other 7 are sent to a

special service record when their value changes, while the latter has 13 bits, 10 of them

stored in the data header and the remaining 3 sent to a special service record when their

value changes. Data Record contains hit informations, namely a 7-bit column number,

a 9-bit row number and two 4-bit codes for the ToT where the first one is referred to

a given pixel (column, row) and the second one refers to a neighbour pixel in the same

column, generally corresponding to row+1. The Address Record gives information on

the address of the global register, namely it contains a code for the recognition of the

start of transmission (11101), a flag for the Address Record (010), a type information

identifying the Global Register or alternatively the Shift Register, and 15-bit code for

the address of the Global Register or the Shift Register position. Value Record contains

the value of the global register or contained in the shift register, namely a code for the

recognition of the start of transmission (11101), a flag for the value record (100) and a

16-bit code for the value. Finally, Service Record is used for services messages like errors
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or extra-information. In particular they contain, a code for the recognition of the start of

transmission (11101), a flag for the Service Record (111), a 6-bit message code and a 9-bit

code for the payload. Service Records are listed in order of priority: at the first available

trigger, the highest priority Service Record is written in the bytestream. The payload

has the information on how many identical errors occurred since the last publication,

therefore a Service Record needs to be weighted by the payload.

A.3.3 Error words

Pixel

The errors studied in this work can be both flagged by the FE or the MCC and by

the Read-Out system. In this Section the error words will be listed together with their

meaning.

The FE/MCC error words are the following:

• BCID1: synchronization error due to inconsistency of the BCID counter inside the

receiver. Hits coming from the same FE should have the same BCID number, in

the opposite case a BCID1 error word is flagged.

• BCID2: synchronization error due to inconsistency of the BCID counter inside the

EventBuilder. It checks for consistency between the BCID number of the first FE

with data and the current FE.

• LVL1D: synchronization error due to inconsistency of the Level 1 trigger counter

inside the EventBuilder. It checks for consistency between the LVL1D number of

the first FE with data and the current FE.

• EoC: truncation error due to full End of Column buffers. It is a warning diectly

generated by FEs.

• Hit Overflow: truncation error due to rejected hits. This is flagged when the

maximum number of hits for a particular receiver is reached and that FE keeps

sending data.

• EoE Overflow: truncation error due to End of Event words overflow. This happens

if, for a particular receiver, there are already 16 End of Event words and another

EoE is sent by the FE. In principle, this should never happen since the MCC send

a maximum of 16 triggers command to the FE chips by construction. If an EoE

overflow error is flagged this is an indication that some data corruption happened

in the FE chip, for instance a single event upset, namely a change of state due to a

single ionizing particle.

• SEU Hit Parity: parity check on the hit words. It is a method which counts the

number of one states and produces a single parity bit according to whether an odd

or even number of one states was found.

• SEU Register Parity: parity check in the command register.
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• SEU Hamming Code: hit and EoE words are identified with two codes. In the

case of a hit word the pattern ”0000” is used while for an EoE word the pattern

”0111”, ”1011”, ”1101”, ”1110” are used according to the presence of warnings

and/or parity errors. In this way an EoE word is checked against pattern with 2

or 4 bit equal to 1 while an hit word is checked against pattern with maximum one

bit equal to 1.

• FE warning: FE warnings referring to bit-flip.

In addition, the following errors flagged by the ROD can be issued:

• BCID: synchronization error due to BCID inconsistency.

• LVL1D: synchronization error due to Level 1 trigger inconsistency.

• H/T Limit error: truncation error due to the maximum data that can be written

in between an header and a trailer word.

• ROD Overflow: truncation error due to the maximum allowed amount of data

stored.

• Optical errors: errors in the optical link.

• ROD Timeout: timeout error due to the maximum allowed time for a module to

transmit data following a given Level 1 trigger.

IBL

In the case of IBL, the module concept, which is made up by 16 FEs, is not valid anymore,

therefore the errors are directly flagged by the single FEs.

The FE error words, also called Service Records, are the following:

• BCID counter: synchronization error due to BCID inconsistency in the event.

• L1 trigger input: synchronization error referring to the Level 1 trigger input

counter written in the End of Double Column Logic (EODCL).

• L1 trigger request counter: synchronization error referring to the Level 1 trigger

counter read from the EODCL.

• L1 register: synchronization error due to full registers. They are used to keep

track of the Level 1 triggers sent to the EODCL and pending for readout.

• L1 trigger ID: synchronization error due to inconsistency in the L1 trigger ID

counter, which is the one stored in the register and sent-out as a part of the Data

Header.

• Skipped trigger: it indicates that a L1 trigger was skipped due to full registers.

• Truncated event flag: it indicates a truncated event.
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• Hamming code: errors found in hamming codes used for SEU protection.

• Triple redundant mismatch in CNFGMEM: SEU detected in the global con-

figuration memory (CNFGMEM). In order to protect against SEU, the logic circuit

is triplicated and the output is determined by a majority voting circuit.

• Bit flip in CMD: bit-flip detected in the command decoder (CMD) input stream.

The CMD is responsible for interpreting the serial commands to control the chip.

• Triple redundant mismatch in CMD: SEU detected in the CMD. In order to

protect against SEU, the logic circuit is triplicated and the output is determined by

a majority voting circuit.

• Triple redundant mismatch in EFUSE: SEU detected in the EFUSE, which is

another block consisting of triple redundant RAM as CNFGMEM.

• Readout processor error: readout error of data in the End of Chip Logic.

• Write register data error: SEU detected in the write register storage inside the

CMD.

• Address error: SEU detected in the address register storage inside the CMD.

• Other CMD error: error related to a bit-flip detected in the CMD.

• Data bus address: error due to non-existing register address.

The errors flagged by the ROD are instead listed in the folllowing:

• BCID: synchronization error due to BCID inconsistency.

• LVL1D: synchronization error due to Level 1 trigger inconsistency.

• Row/Column: truncation error due to invalid row/column number.

• H/T Limit error: truncation error due to the maximum data that can be written

in between an header and a trailer word.

• Optical error: errors in the optical link.

• Trailer error: error flagged when a trailer word is never received after a certain

amount of time.

• Timeout error: timeout error due to the maximum allowed time for a module to

transmit data following a given Level 1 trigger.
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A.3.4 Errors

The correlations of errors with occupancy and beam conditions has been investigated in

order to estimate their impact on the Run 2 pixel detector operation. This study has

also required a work on the Athena software. Indeed, besides small bugs and issues, the

software presented two major problems: one concerning the FE flagged errors from pixels

which were reported with module granularity and not FE granularity and the other one

concerning all the IBL errors which were not implemented. Part of this study was indeed

dedicated to help solving these two issues which affected not only the pixel Monitoring

package but also the ByteStream Converter.

All the 16 FEs of a module in the pixel layers are able to send error words and by con-

struction there can be a maximum of one error word per FE, therefore a maximum of 16

per module. However, originally, a logic OR was applied to the FE error words, allowing

to have a maximum of one error word per module without the possibility to know from

which FE the error was flagged. The issue has been fixed allowing to retrieve all the error

words with FE granularity.

Some runs during 2016 and 2017 data-taking have been analyzed, preferring those with

more extreme conditions like high pile-up and/or high istantaneous luminosity. An ex-

ample is here documented for a run of 14th October 2016 (run 310574) which was a short

run with peak average number of collisions per bunch crossing being, < µ >peak= 50.1,

peak Lumi = 7.2 × 102 × 1030 cm-2s-1 and # bunches = 99. In the following discussion

some results for pixel layers are presented. Layer 2 has however been omitted since there

were some disabled modules and the results are consequently unreliable. The output

of the Athena monitoring allows to check various histograms which are fundamental for

data quality. Errors can be either visualized for individual error words and grouped in

categories such as synchronization, truncation, etc.. errors. In addition, different kind

of histograms are available: 2D maps which show the number of errors for each module,

histograms that show the number of errors as a function of time or more precisely as a

function of lumi-blocks, which represent a fraction of time where the instaneous luminosity

is approximately constant (∼ one minute) and they are either normalized by the number

of events or by the number of events and modules. An example of the Athena monitor-

ing output is displayed in Figure A.5 for the BCID and LVL1D module synchronization

errors.

After the update of the Athena framework, it is possible to retrieve all the FE/MCC

error words with FE granularity. Figure A.6 shows then the fraction of modules with a

given number of FE/MCC error words. The distributions do not follow neither a bino-

mial or a poissonian which implies some kind of correlations among the FEs. Table A.3

summarizes the same information.

Since the purpose of this study was to investigate possible correlations with beam

conditions, the number of errors has been checked as a function of the pseudorapidity

(therefore integrating over φ direction) and as a function of the pile-up. Figure A.7 and

Figure A.8 show the results for the BCID and LVL1ID FE/MCC error words respectively.

As it can be seen, there is no evidence for a dependence in terms of pseudorapidity or pile-

up. The synchronization errors are concentrated on specific modules, with the LVL1ID
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Figure A.5: Map of BCID module synchronization errors (a) and LVL1ID module syn-

chronization errors (b) for Layer 0. In addition, the number of errors per event is shown

as a function of lumi-block for the same error words and layer, respectively (c) and (d).
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Figure A.6: Fraction of modules with a given number of FE/MCC error words: Layer 0

(a) and Layer 1 (b).

error rate being significantly higher with respect to the BCID.

Figure A.9 and Figure A.10 show again synchronization errors but flagged by the

ROD. Very similar behaviour can be noticed between LVL1ID and BCID ROD errors.
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Layer 0 Layer 1

Frac. of modules with 1 error word 1.1 % 0.9%

Frac. of modules with 2 error words 0.03% 0.1%

Frac.of modules with ≥ 2 error words 0.07% 0.2%

Table A.3: Fraction of modules with a given number of FE/MCC error words.

(a) (b)

Figure A.7: Pseudorapidity (a) and pile-up (b) dependence for the BCID FE/MCC syn-

chronization error. Layer 0 and layer 1 behaviour are superimposed in the same plot.

(a) (b)

Figure A.8: Pseudorapidity (a) and pile-up (b) dependence for the LVL1ID FE/MCC

synchronization error. Layer 0 and layer 1 behaviour are superimposed in the same plot.

Also for the synchronization errors flagged by the ROD, no specific dependence in terms

of pseduorapidity or pile-up can be noticed.

Other frequent errors are the truncation errors flagged by the FEs, namely the EoC

which indicates full end of column buffers and the hit overflow which indicates a truncation
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(a) (b)

Figure A.9: Pseudorapidity (a) and pile-up (b) dependence for the BCID ROD synchro-

nization error. Layer 0 and layer 1 behaviour are superimposed in the same plot.

(a) (b)

Figure A.10: Pseudorapidity (a) and pile-up (b) dependence for the LVL1ID FE/MCC

synchronization error. Layer 0 and layer 1 behaviour are superimposed in the same plot.

of the event due to the maximum number of hits allowed. Figure A.11 and Figure A.12

show the results for these FE/MCC error words. No significant η dependence can be

noticed for the EoC errors, which show a quasi-flat behaviour, while an increase at higher

η is shown in the case of Hit Overflow. Instead, as it is reasonably expected, the rate of

the errors increase when increasing the average number of interactions per event.

The results obtained for the run 310574 are compared with those of another run with

different features. The run used is from 26th October 2016 (run 311481), which has lower

average number of interactions per bunch crossing but higher peak luminiosity with re-

spect to the run 310574, namely < µ >peak= 40.1, peak Lumi = 1.2× 104 × 1030 cm-2s-1

and # bunches = 2208.

The FE/MCC synchronization errors are shown in Figure A.13 as a function of the pseu-

dorapidity, comparing the two runs. An higher rate of synchronization errors, either BCID
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(a) (b)

Figure A.11: Pseudorapidity (a) and pile-up (b) dependence for the EoC truncation error.

Layer 0 and layer 1 behaviour are superimposed in the same plot.

(a) (b)

Figure A.12: Pseudorapidity (a) and pile-up (b) dependence for the Hit Overflow trun-

cation error. Layer 0 and Layer 1 behaviour are superimposed in the same plot.

and LVL1ID, can be seen for the run 311481, as expected as it had an higher trigger rate.

The synchronization errors are instead more isolated and concentrated on some specific

modules for the run 310574.

Figure A.14 shows the EoC and the hit overflow truncation errors as a function of the

pseudorapidity. The EoC, which indicates full end of column buffers, is reported with

an higher rate for run 311481 and this is expected because of the higher number of filled

bunches. An higher rate of hit overflow errors can be seen for run 311481 as well. The

interpretation is more difficult in this specific case as more hits would be expected in

the case of the higher pile-up run (310574). The two runs present anyway the same η

behaviour.

Other errors have been detected but are not reported here as they are very rare and

not statistically significant like single event upset and other ROD errors.
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(a) (b)

(c) (d)

Figure A.13: BCID FE/MCC synchronization errors are shown at the top for Layer 0 (a)

and Layer 1 (b) while LVL1ID FE/MCC synchronization errors are shown at the bottom

for Layer 0 (c) and Layer 1 (d). The two runs (310574 and 311481) are superimposed in

the same plot.

The same analysis can be performed for the IBL FE and ROD errors. However, the IBL

errors were not fully implemented in the Athena framework: the monitoring part was

not implemented and on the bytestream converter side many modifications have been

necessary in order to retrieve errors with FE granularity, which is the only meaningful

way to retrieve informations from IBL. Therefore, part of this work required an effort on

the software side and has helped to have the final IBL service records and ROD errors

available in the monitoring, as demonstrated by Figure A.15.

The studies, presented here, constitute the first approach for investigating the be-

haviour of FE and ROD flagged errors, and they can be repeated using higher statistics.

The statistics is limited by the time-consuming processing of raw data but these studies

can be relevant in order to provide inputs for recovery actions during data taking. IBL

service records and ROD errors can also be studied more extensively since they are now

correctly available in the offline and online monitoring.
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(a) (b)

(c) (d)

Figure A.14: EoC truncation errors are shown at the top for Layer 0 (a) and Layer 1 (b)

while Hit overflow synchronization errors are shown at the bottom for Layer 0 (c) and

Layer 1 (d). The two runs (310574 and 311481) are superimposed in the same plot.
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(a) (b)

Figure A.15: BCID (a) and LVL1ID (b) service records maps on the online monitoring

for a run recorded in 2018 (362661).
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