
MASTER’S THESIS

Search for CP - violation in gluon fusion
production of the Higgs boson using the
H→ τlepτhad decay at

√
s = 13 TeV with

the ATLAS detector

Author:
Daariimaa BATTULGA

Supervisor:
Prof. Dr. Markus SCHUMACHER

A thesis submitted in fulfillment of the requirements
for the degree of Master of Science

in the

Physikalisches Institut
Fakultät für Mathematik und Physik

November 18, 2019

ALBERT - LUDWIGS - UNIVERSITÄT

FREIBURG

daariimaa.battulga@cern.ch
http://www.jamessmith.com
http://department.university.com
http://faculty.university.com
http://www.university.com
http://www.university.com




iii

ALBERT - LUDWIGS - UNIVERSITÄT FREIBURG

Abstract
Fakultät für Mathematik und Physik

Physikalisches Institut

Master of Science

Search for CP - violation in gluon fusion production of the Higgs boson using
the H→ τlepτhad decay at

√
s = 13 TeV with the ATLAS detector

by Daariimaa BATTULGA

CP-violation in the Standard Model as described by the CKM matrix [1, 2] is not
sufficient to explain the observed baryon asymmetry [3]. Thus, it is essential to find
new sources of CP- violation in the Higgs-boson sector. Since the observation of the
Higgs boson in 2012 [4, 5], the CP nature of the Higgs boson can be studied by its
coupling to fermions and gauge bosons.

This analysis focuses on the effective anomalous coupling of the Higgs boson
to gluons. Higgs boson production in gluon fusion is dominated by the top quark
loop, which is assumed to be in the limit of infinite top quark mass. The mixing
angle of tan α between CP-even and CP-odd contribution parametrizes the vertex of
the Higgs boson coupling to gluons. In order to measure the tan α value, this the-
sis studies several CP-odd observables: the Optimal Observable and the azimuthal
angle between two outgoing jets. A direct test of CP-invariance is performed in
Higgs boson production via gluon fusion in association with two jets using the de-
cay H → τlepτhad. Analysis of this thesis is based on proton-proton collision at the
center of mass energy of

√
s = 13 TeV and a dataset of the integrated luminosity of

139 fb− 1 collected by the ATLAS experiment.
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Chapter 1

Introduction

The theoretical model describing the fundamental particles and their interactions
were developed between 1960 and 1970 [6–8]. The Standard Model (SM) contains the
electromagnetic, strong and weak forces, which are mathematically described by rel-
ativistic quantum field theories. The fourth force is gravity, which is not described in
this model. In the SM, fundamental particles are grouped into fermions and bosons
depending on their spin. Fermions have a half-integer spin particle which form the
matter while bosons have an integer spin particle which carry the interaction forces.

Initially, quantum field theories of the SM contain no mass terms for the fun-
damental particles, which breaks local gauge invariance. However, fermions and
bosons have a mass, as observed in the experiment. For example, gauge bosons
W± with a mass of mW = 80.379 ± 0.012 GeV and the Z0-boson with a mass of
mZ = 91.1876 ± 0.0021 GeV have been found experimentally [9–11]. This phe-
nomenon is explained by the scalar Higgs field with a vacuum expectation value
by introducing the Brout-Englert-Higgs (BEH) mechanism [12–14]. The BEH mech-
anism is based on the spontaneous symmetry breaking of the electroweak theory.
According to this mechanism, fermion, bosons get masses through the interaction
with the vacuum expectation value of the Higgs field. The existence of a new parti-
cle called Higgs boson is postulated.

Observation of the Higgs boson was announced in 2012 by ATLAS and CMS
collaborations at LHC. The Higgs boson has a mass of mH = 125.09± 0.21(stat)±
0.11(syst) from the combined measurement of the ATLAS and CMS [4, 5]. This sci-
entific achievement allows the detailed investigation of the Higgs boson properties
like its production and decay modes, and its spin (J).

In the SM, the Higgs boson has a positive eigenstate of the charge conjugation
and parity transformation (CP), which is denoted as JCP = 0+. In particle physics,
charge conjugation describes the symmetry between particle and antiparticle, while
parity transformation describes the mirror inversion of the physics system. This C
and P and CP symmetry are conserved in electromagnetic and strong interactions.
Lev Landau [15] suggests the CP symmetry in order to reinstate the parity violation
in the weak interaction, as observed in the 1950s [16–18]. Then, CP-violation in
weak interaction is included in the SM via the CKM matrix [1, 2]. However, the
observed CP-violation in the SM is not sufficient to explain the observed asymmetry
of the baryons in the universe [3]. Therefore, an additional source of CP-violation
is necessary. Hence, this thesis focuses on the study of the CP nature of the Higgs
boson sector.

CP-even particle is an eigenstate of CP transformation with eigenvalue +1, and
particle with eigenvalue -1 is said to be in CP-odd. CP-violation occurs when the
particles are found to not correspond to a CP eigenstates. Also, CP-violation can
be identified if a mixture of CP-even and CP-odd interactions is obtained. The CP
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nature of the Higgs boson can be analyzed by studying the couplings of the Higgs
boson to other particles. The CP properties are measured in the Higgs boson cou-
pling to vector bosons. The analysis of the Higgs boson production in vector boson
fusion and using the decay H→ ττ and H→ZZ, WW, γγ shows that the Higgs bo-
son agrees with the SM prediction of spin-zero with dominant contribution from
CP-even interaction [19–22]. In addition, direct tests of CP-invariance are also per-
formed in the Higgs boson production in gluon fusion associated with two jets using
decay channel of H→ τlepτhad at

√
s = 8 TeV with L = 20.3 fb−1 [23]. Investigation

of the Higgs boson production in the gluon fusion (ggF) is important as it can, in
principle, contain CP-even and CP-odd contribution at the same level. In the vector
boson fusion, CP-odd contribution is suppressed due to the loop level effect.

This thesis focuses on the anomalous coupling structure of the Higgs boson to
gluons in the ggF production with two jets in the final state in order to test CP-
invariance. The subsequent decay of the Higgs boson H→ τlepτhad is considered.
The coupling of the Higgs boson to gluons is dominated by the top quark loop,
which can be approximated by effective point-like coupling in the limit of mtop → ∞.
The effective field theory to describe the Higgs boson coupling to gluons allows to
parametrize the mixing between CP-even and CP-odd states. The relative contribu-
tion of CP-even and CP-odd interaction is parametrized by the parameter tan α. In
order to measure the relative contributions, this analysis uses the following CP-odd
observables; the Optimal Observable and the azimuthal angle difference between
two outgoing jets. This analysis focus on the data collected by the ATLAS exper-
iment at the LHC in collisions of the proton-proton at a center of mass energy of√

s = 13 TeV with an integrated luminosity of L = 139 fb−1.
The necessary theoretical background is described in chapter 2. The signal and

background processes are discussed in chapter 3. It is followed by the investigation
of the Higgs boson coupling to gluons with the reweighting technique [23] in chapter
4. Also, this chapter describes the sensitivity study to the anomalous coupling at
the generator level for different subprocesses of the gluon fusion production. The
experimental setup is discussed in chapter 5 with the definition of physics object in
chapter 6.

Furthermore, the selection of the signal events is described in chapter 7. The
expected results of the analysis to the sensitivity of the Higgs boson coupling to
gluons are presented in chapter 8. The results of the analysis and outlook for future
studies are summarized in chapter 9.
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Chapter 2

Theoretical Background

This chapter provides the theoretical background for this analysis. The fundamen-
tal particles and their interaction forces will be discussed. In particular, the phe-
nomenology of the Higgs boson and its decay and production modes are reviewed.
In this thesis, the Higgs boson interacting with gluons is of particular interest. There-
fore, an overview of the effective field theory of the Higgs boson coupling with glu-
ons is given. Furthermore, the method to test CP-invariance as well as, CP-odd
observables will be presented.

2.1 The Standard Model

The Standard Model (SM) [6–8] is the theoretical model for describing the funda-
mental particles (elementary particles) and their interactions. This theoretical model
has been developed between 1960 and 1970, and it contains the electromagnetic,
strong, and weak forces of the elementary particle physics. The fourth force is grav-
ity; however, this interaction is so far, not included in the SM. Most of the physics
phenomena can be explained by these three forces. Fig. 2.1 illustrates particle con-
tent of the SM.

FIGURE 2.1: Standard Model of particle physics [24]. Fundamental
particles, fermions as categorized as leptons and quarks with their
interaction force carrier bosons, with the Higgs boson are illustrated.

The elementary particles are categorized as the fermions and the bosons. The
fermions are called the matter particles, and they have a half-integer spin. Further-
more, fermions are classified into quarks and leptons based on their interactions.
The quarks and the leptons contain six particles each, which they are corresponds
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to three different generations. There are three generations of the elementary parti-
cles, which are divided by their stability and particle’s mass and particle flavour and
respective quantum numbers. The first generation particles are, in principle, have
a small mass and it is stable which means does not decay further. For second and
third-generation particles are more massive, and it becomes unstable. Also, it decays

Leptons Quarks
Generation Particle Q[e] mass [GeV] Particle Q[e] mass [GeV]

I
electron e− -1 0.0005 down d -1/3 0.005
neutrino νe 0 < 10−9 up u +2/3 0.003

II
muon µ− -1 0.106 strange s -1/3 0.1
neutrino νµ 0 < 10−9 charm c +2/3 1.3

III
tau τ− -1 1.78 bottom b -1/3 4.2
neutrino ντ 0 < 10−9 top t +2/3 172.4

TABLE 2.1: The fermions are listed with their generation and electric
charge Q with its mass [25, 26]. The Q is usually has a units of ele-
mentary electric charge e = 1.6× 10−19 C which it is carried by an

electron.

to stable elementary particles. In the Table 2.1 first generation quarks are up (u) and
down (d) quarks, second-generation quarks are charm (c), and strange (s) quarks.
Third generation quarks are top (t) and bottom (b) quarks. Each quark has an anti-
quark that has an opposite charge and other additive quantum numbers. Quarks
carry color charge: red, blue and, green of the strong force. In general, quarks are
confined in composite particle called hadrons, which are color neutral.

Like quarks, the leptons are also divided into three different generations with
their antiparticles. The first generation leptons are electron (e−) with correspond-
ing electron neutrino (νe). The second generations are muon (µ−) and muon neu-
trino (νµ), and the third generation leptons are tau-lepton (τ−) and tau neutrino (ντ).
Except the lepton neutrinos, leptons have an electrical charge. From the neutrino
oscillations neutrinos observed to carry very little mass.

Another class of elementary particles are the bosons which have an integer spin
and it is called the force carrier particles. Each fundamental forces have their own
force carrier particles and it acts in different range with different strength. The pho-
tons (γ) have no mass and they carry the electromagnetic force, while massless glu-
ons (g) carry the strong interaction. The weak interactions is carried by the massive
W± and Z-bosons.

Fundamental force Strength Boson Spin Q[e] Mass [GeV]
Strong 1 Gluon g 1 0 0

Electromagnetic 10−3 Photon γ 1 0 0

Weak 10−8 W-boson W± 1 ±1 80.4
Z-boson Z0 1 0 91.2

TABLE 2.2: The fundamental forces in nature are listed with cor-
responding strength, force carrier and as well as spin, charge, and
mass. Note that strength values are approximately defined between

two particles with a distance of 10−15 m [25, 26].

All the force carrier particles have a spin of one and are called gauge bosons.
These boson are listed with their corresponding fundamental forces in the Table 2.2.
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The electromagnetic force has an infinite range and force carrier photon interacts
with all particle with electric charge (e−, µ−, τ−, and quarks). In the strong force,
gluons have a eigth flavour states depending on their color charges. Those flavour
states are defined by the Gell-Mann matrices. Massive gauge W± and Z-bosons
interact with all leptons by weak isospin (Iw) in limited range.

In the SM, the Higgs boson is a scalar particle with spin of zero. The phenomenol-
ogy of this scalar particle will be discussed thoroughly in the Sec. 2.2.

2.1.1 Gauge theories of fundamental interactions in the SM

In particle physics, all fundamental particles and their interacting forces are de-
scribed mathematically by quantum field theory (QFT). QFT is the theoretical frame-
work that uses the Lagrangian formalism in order to describe a model for elementary
particles and their interaction.

The gauge theory describes the Lagrangian is invariant under the local trans-
formation of any group in Lie algebra. The Lie groups are classified in general
abelian and non-abelian groups. Non-abelian groups are usually referred to as non-
commutative symmetry groups.

Furthermore, all particle interactions can be visualized by Feynman diagram.
These Feynman diagrams are used as a computing tool in the relativistic quantum
field theory.

In the following, relativistic field theories will be discussed in brief.

Quantum Electrodynamics

The electromagnetic interaction between elementary particles is mathematically de-
scribed by Quantum Electrodynamics (QED) [27–29]. QED is the abelian gauge the-
ory which is based on U(1)Q symmetry group, and its Lagrangian is written as

LQED = ψ(ıγµDµ −m)ψ− 1
4

FµνFµν, (2.1)

where γµ are Dirac’s matrices, ψ, ψ := ψ†γ0 are Dirac spinor fields for particles
with half-integer spin. And Fµν := ∂µ Aν − ∂ν Aµ is the electromagnetic field tensor.
Whereas, Dµ := ∂µ + ıQAµ is the gauge covariant derivative. Here, Aµ is the covari-
ant four potential of the electromagnetic field. In addition, e is the electric charge
and m is the mass of the fermion, ∂µ/ν = ∂/∂xµ/ν is the partial derivatives. The
Lagrangian of the QED is based on the Dirac equation which can be derived from
Euler-Lagrangian equation of motion.

The LQED is invariant under local transformation U(1)Q symmetry group given
by

ψ(x)→ e−ıQα(x)ψ(x) (2.2)
Aµ → Aµ + ∂µα(x),

where α(x) is the local phase which depends on the space and the time. The mass
(−1/2)m2Aµ Aµ term would break the gauge invariance of the U(1)Q, hence QED
needs a massless γ photon.
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Quantum Chromodynamics

The strong interaction between quarks and gluons is mathematically described by
Quantum Chromodynamics (QCD) [30]. This field theory is a non-abelian gauge
theory, which is invariant under local SU(3)C transformations, where C denotes
colour charge.

As discussed earlier, gluons are the force carrier of the strong interaction, and
quarks gluons formed as hadrons. Also, quarks and gluons are found to carry the
three different color charges: red, blue, and green. In nature, quarks are not ob-
served as free particles due to the confinement phenomenon. A pair of quark and
anti-quark is formed as mesons or three quark (anti-) quarks formed as baryons be-
cause the strength of the strong force increases when the distance between quarks
is increased. Increasing strong force creates the another hadron when the spatial
separation between quarks increased. Another QCD phenomena are the asymptotic
freedom [30, 31], which describes the two particles’ spatial separation decreases the
strength of the interaction become weak. As a result, quarks, are freely moving in a
certain distance.

Strong interaction formulated as

LQCD = ψi(ı(γ
µDµ)ij −mδij)ψj −

1
4

Ga
µνGµν

a , (2.3)

where ψi,j(x) is quark field where a function of space and time, the indices i, j il-
lustrate the color indices in the SU(3) group, m is the quark mass, and Dµ := ∂µ −
ıgsGa

µλa/2 is the gauge covariant derivative. And Ga
µν := ∂µGa

ν − ∂νGa
µ + gs f abcGb

µGc
ν

is the gluon field tensor as same as electromagnetic field tensor Fµν. The gluon field
denoted as Ga/b/c

µ/ν (x) as a function of space and time, where index a, b, c represents
the eight different gluons and λa are the Gell-Mann matrices. This eight Gell-Mann
matrices descibe the colour symmetry representation of the SU(3) group. The cou-
pling constant denoted as gs, and f abc are the structure constant of SU(3) group.

The Lagrangian of the QCD is invariant under following local SU(3) transforma-
tion

ψ(x)→ exp

(
ı
gs

2

8

∑
a

λaβa(x)

)
ψ(x), (2.4)

Gµ
a → Gµ

a − ∂µβa(x)− gs fabcβb(x)Gµ
c ,

where βa/b(x) are the eight-component transformation functions as function of space
and time.

Electroweak theory and broken symmetries

The weak interaction between elementary particles has a small range, approximately
m−1

W ∼ 10−15 cm. This interaction couples to the weak isospin through charged W±

and neutral Z-bosons. Furthermore, the weak interaction is well established by the
electroweak theory. The electroweak theory combines the two fundamentals of four
interactions: electromagnetic and weak interactions. This theory has been developed
by Sheldon Glashow [6], Abdus Salam [7], and Steven Weinberg [8] in 1967-1968, and
it is known as the Glashow-Weinberg-Salam Model (GWS).

The gauge invariance always forces the mediating gauge bosons to be mass-
less. However, the W± and Z-bosons have a large mass that experimentally proven.
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Therefore any mass term appears in the Lagrangian, broke the gauge symmetry due
to mass generation in the vector field. The spontaneous symmetry breaking can
explain the heavy mass of the vector bosons.

Initially, gauge bosons and fermion introduced to be massless by a gauge sym-
metry. Then the scalar Higgs field introduces the non-vanishing vacuum expectation
value by the Higgs mechanism. Formally, it is called as Brout-Englert-Higgs (BEH)
mechanism [12–14, 32]. As a result, the theory of the spontaneous symmetry break-
ing gives the mass to electron, muon, tau leptons, quarks, and gauge bosons. The
photons and gluons remain massless. In this analysis, neutrinos are considered to
be massless.

Re(φ)
Im(φ)

V (φ)

Symmetry

Broken symmetry

FIGURE 2.2: The Higgs potential field is illustrated in spontaneous
symmetry breaking.

The lagrangian of the electroweak theory is based on the SU(2)L, Iw× U(1)Y sym-
metry group. The index L refers to the weak interaction couples to the left-handed
fermions by weak isospin Iw and Y is the hypercharge. The relation between Iw and
Y and Q is described by the Gell-Mann-Nishijima relation,

Q = I3
w +

Y
2

. (2.5)

The SU(2) singlets describe fermions with the right-handed states with weak isospins
of zero. In contrast, left-handed fermions are described by the SU(2) doublets with
I3
w = ±1/2 weak isospin and same hypercharge.

The lagrangian formalism before symmetry breaking is given by

LEW = Lg + L f + Lh + Ly, (2.6)

where Lg describes the interactions of three W vector bosons and B vector boson.
And this lagrangian is formulated as

Lg = −1
4

Wµν
a Wa

µν −
1
4

BµνBµν, (2.7)

where Wµν
a , Bµν are the field strength tensors to the gauge field of the weak isospin

and weak hypercharge, and index a = 1, 2, 3 numbers of the vector bosons. The
second term, L f , describes the interaction between gauge bosons and fermions. This
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term is given by

L f = Qiı /DQi + uiı /Dui + diı /Ddi + Liı /DLi + eiı /Dei, (2.8)

where Qi is the left-handed quark doublet, ui is the right-handed singlet up, and
di is the right-handed singlet down quark fields. Whereas, Li is the left-handed
lepton doublet, ei is the right-handed singlet electron field. The index i represents
the three generations of the fermions. The notation /D := γµDµ is the gauge covariant
derivative.

The third term, Lh, illustrates the Higgs field and its interaction of the Higgs field
and to the gauge bosons. And this is written by

Lh = |Dµh|2 − λ

(
|h|2 − υ2

2

)
, (2.9)

where h is the Higgs field, and υ is the vacuum expectation value which is zero.
The last lagrangian term Ly defines the Yukawa interaction of the fermions by

Ly = −yuijε
abh†

bQiauc
j − ydijhQid

c
j − yeijhLiec

j + h.c., (2.10)

where yuij, ydij yeij are the Yukawa coupling strength for fermions, and h.c. denotes
the hermitian conjugation of the corresponding term.

The lagrangian of the electroweak theory after the symmetry breaking is mathe-
matically formulated by

LEW = LK + LN + LC + LH + LHV + LWWV + LWWVV + LY, (2.11)

where LK includes the mass terms and self interaction of W±, Z-boson. It defined as
following

LK = ∑
f

f (ı 6 ∂−m f ) f − 1
4

Aµν Aµν − 1
2

W+
µνW−µν + m2

WW+
µ W−µ

− 1
4

ZµνZµν +
1
2

m2
ZZµZµ +

1
2
(∂µH)(∂µH)− 1

2
m2

H H2, (2.12)

where the sum contains all fermions.

LN = eJEM
µ Aµ +

g
cos θW

(J3
µ − sin2 θW JEM

µ )Zµ, (2.13)

where e = g sin θW = g
′
cos θW charge, and JEM

µ := ∑ f d f f γµ f is the electromagnetic

current while J3
µ := ∑ f I3

f f γµ
1−γ5

2 f is neutral weak currents. Here, q f are the electric
charge of the fermion and I3

f are the weak isospin of the fermions.
The next term describes the charged current of the Lagrangian, and it is,

LC = − g√
2

[
uiγ

µ 1− γ5

2
MCKM

ij dj + νiγ
µ 1− γ5

2
ei

]
W+

µ + h.c., (2.14)

where 1−γ5

2 is the factor of weak couplings. It projects to the left-handed components
of the spinor fields. The term LH describes the self-interaction term of the Higgs
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boson as

LH = − gm2
H

4mW
H3 − g2m2

H
32m2

W
H4, (2.15)

where mH, mW is the mass of the Higgs boson and W-boson. And LHV gives the
interaction term of the gauge bosons with vector boson by

LHV =

(
gmW H +

g2

4
H2
)(

W+
µ W−µ +

1
2 cos2 θW

ZµZµ

)
, (2.16)

where θW is the weak mixing angle. A self three-point interactions of the gauge
boson defined the following

LWWV = −ıg
[
(W+

µνW−µ −W+µW−µν)(Aν sin θW − Zν cos θW)

+ W−ν W+
µ (Aµν sin θW − Zµν cos θW)

]
. (2.17)

And four-point interaction term of the gauge bosons are illustrated as

LWWVV = − g2

4

{[
2W+

µ W−µ + (Aµ sin θW − Zµ cos θW)2
]2

−
[
W+

µ W−ν + W+
ν W−µ (2.18)

+ (Aµ sin θW − Zµ cos θW)(Aν sin θW − Zν cos θW)
]2
}

.

The last term are the Yukawa interactions,

LY = −∑
f

gm f

2mW
f f H, (2.19)

of the Higgs field interacting with the fermions.

2.2 Phenomenology of the Higgs boson

The Higgs mechanism describes the spontaneous symmetry breaking in the elec-
troweak theory. This broken symmetry explains how gauge bosons of the weak
interaction acquire their heavy mass. The mass of the W-boson mW = 80.379± 0.012
GeV and mass of the Z-boson mZ = 91.1876± 0.0021 GeV are experimentally deter-
mined [9–11].

From the Higgs mechanism, the Higgs field has a non-zero vacuum expectation
value everywhere. The existence of this field is proved by the existence of the scalar
particle called Higgs boson, which is the excitation of the Higgs field.

With the Higgs boson, the Standard Model of particle physics is completed. The
predicted Higgs boson has been observed observed on July 4, 2012, by ATLAS and
CMS experiments in proton-proton collisions at the LHC at CERN. The Higgs boson
has a mass of mH = 125.09± 0.21 (stat)± 0.11 (syst), with zero spin and no electric
or colour charge [4, 5]. Besides, Higgs boson has a positive eigenstate under charge
and parity transformation (CP), and this is denoted as JCP = 0+. Different properties
of the SM Higgs boson will suggest physics beyond the Standard Model (BSM).

The lifetime of the Higgs boson is short and it is approximately 10−22 s, therefore,
it decays further into the fermions and bosons.
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The following sections are written based on the reference [33].

2.2.1 Production and decay rates of Higgs boson at the LHC

In proton-proton (pp) collisions, the Higgs boson can be produced by in general,
four different production modes: gluon fusion (ggF), vector boson fusion (VBFH),
in association with weak vector boson (VH), and in association with a pair of top
quark production (ttH). Example of Feynman diagrams are sketched in Fig. 2.3. The

t
t

t

g

g

H

(a) ggF

V B

V B

q

q

q

q

H

(b) VBFH

V B

q V B

q H

(c) VH

t

t

t

g

t

g

H

(d) ttH

FIGURE 2.3: Example of Feynman diagrams to the productions of
the Higgs boson in (a) gluon fusion, (b) vector boson fusion, (c) in
association with weak vector boson, and (d) in association with a pair

of top quarks at leading order (LO) are shown.

dominant production mode of the Higgs boson is the gluon fusion process, because
the contribution of the gluons at the relevant energy scale is huge. This quark and
gluon contribution is described by the parton distribution functions (PDF).

This PDF gives the probability to find parton i, which carries the momentum
fraction xi of the proton probed at momentum scale µ2. The parton distributions are
shown in Fig. 2.4.

The total cross section of a process (pp→ X) in pp collisions can be calculated by

σpp→X =
∫ ∫

dxidxj f (xi, µ2) f (xj, µ2)σ̂ij (2.20)

with σ̂ij =
∫ |M(ij→ X)|2

F
dQ

where index i, j represents the partons, and σ̂ij is the cross section at parton level.
AndM is the matrix element of the processes, whereas |M|2 is the transition proba-
bility between initial and final states, F is the flux of the particle, and dQ is the phase
space factor of the kinematics. The cross section measurements for SM processes in
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FIGURE 2.4: Parton distribution functions (PDF) at µ2 = 10 GeV2

(left) and at µ2 = 104 GeV2 (right) . The PDFs are calculated at next-
to-next-to-leading (NNLO) order and it is evaluated by NNLOPDF3.1

[34].

pp collisions are shown in Fig. 2.5. Detailed information for relevant event processes
in this analysis will be given in Chapter 3.

FIGURE 2.5: SM cross section in pp collisions in comparison to theo-
ritical predictions [35].
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As shown in Fig. 2.3a, the Higgs boson production in gluon fusion via top quark
loop is the dominant production mode at the LHC. A b-quark loop contributes to
the gluon fusion, but it is negligible.

Furthermore, Higgs boson can be produced by vector boson (W±, Z0) fusion,
and example Feynman diagram at LO are illustrated in Fig. 2.3b. From the initial
state quarks, vector bosons are radiated, and further fusion of the bosons produce
the Higgs boson. Outgoing jets have a large difference of the pseudorapidity (∆ηjj)
and have a large invariant mass mjj in the vector boson production.

Fig. 2.3c shows an example of Feynman diagrams at LO of the Higgs production
in association with a vector boson. Annihilation of a pair of quarks produces a vector
boson and Higgs boson. Also, this production mode gives the Higgs boson coupling
to a pair of W and Z-boson like VBFH.

Another production mode of the Higgs boson is in association with top quark
pair, as sketched in Fig. 2.3d. The Higgs bson stems from a pair of the top quark.
The production cross sections at

√
s = 13 TeV for a Higgs boson with mass of 125

GeV are shown in Fig. 2.6. Moreover, Table 2.3 summarizes the inclusive cross sec-

FIGURE 2.6: Cross section of the Higgs boson production as a func-
tion of the mass at

√
s = 13 TeV in Standard Model [36]. The cross

section of the tH production includes only s- and t-channel contribu-
tions.

tion with uncertainties for the main production modes of the Higgs boson. Uncer-
tainty of cross section of the gluon fusion production is significant because, beyond
the leading order, additional jets are radiated in the final state in QCD corrections.
As a result, it changes the kinematics in gluon fusion; therefore, it has large QCD
corrections.

Branching fractions of various decay channels of the Higgs boson in the SM as a
function of Higgs boson mass are shown in Fig. 2.7, and are summarized with their
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Process σinc[pb] ∆ scale [%] ∆PDF + αS [%]
ggF 48.58 ±4.6

6.7 ±3.2
VBFH 3.78 ±0.43

0.33 ±2.1
WH 1.37 ±0.5

0.7 ±1.9
ZH 0.88 ±3.8

3.1 ±1.6
ttH 0.49 ±5.8

9.2 ±3.6

TABLE 2.3: Inclusive cross section of the Higgs productions with their
respective uncertainties: ∆ scale is the uncertainity of QCD scale [36].
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FIGURE 2.7: Predicted branching ratios of the Higgs boson with their
respective uncertainties are depicted [36].

in Table 2.4.

Decay channels Branching fraction [%] THU [%] PU(mq) [%] PU(αS) [%]
H→ bb 58.24 ±0.65 ±0.72

0.74 ±0.78
0.80

H→WW 21.37 ±0.99 ±0.99
0.98 ±0.66

0.63
H→ gg 8.18 ±3.40

3.41 ±1.12
1.13 ±3.69

3.61
H→ ττ 6.27 ±1.17

1.16 ±0.99
0.98 ±0.62

H→ cc 2.89 ±1.20 ±5.26
0.98 ±1.25

H→ ZZ 2.62 ±0.99 ±0.99
0.98 ±0.66

0.63
H→ γγ 0.22 ±1.73

1.72 ±0.93
0.99 ±0.61

0.62
H→ Zγ 0.15 ±5.71 ±0.98

1.01 ±0.58
0.65

H→ µµ 0.02 ±1.23 ±0.97
0.99 ±0.59

0.64

TABLE 2.4: Branching fractions of the decay channel of the Higgs
boson with respective uncertainties [36]. Here, THU is the theory
uncertainty, and PU(mq) is the parametric uncertainty as a function of
quark mass and PU(αS) is the parametric uncertainty as a function of

strong coupling.

The dominant decay of the Higgs boson is the H→ bb and its contribution is
roughly 58 %. In addition, Higgs boson decays into fermions: H→ ττ (6.27 %),
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H→ cc, H→ µµ. Decay into a pair of top quark is kinematically not allowed due to
its high mass.

In this thesis, the Higgs boson decays into a pair of τ-leptons are of particular
interest. Especially, semileptonic decay of the τ-leptons will be further studied in
Higgs production mode in gluon fusion. It will be discussed in detail Chapter 3.

The Higgs boson also decays into gauge bosons: H→ WW, H→ gg, H→ γγ,
H→ Zγ. The second-largest decay channel of the Higgs boson is a pair of W-bosons
(21 %).

The H→ γγ, H→ ZZ→ 4` decay are the discovery channel of the Higgs boson.
In 2012, ATLAS and CMS experiments at the LHC found the Higgs boson with a
mass of 125.09 GeV [4, 5].

2.2.2 CP-properties of the Higgs boson

This section will motivate the test of CP-invariance in the anomalous coupling of
Higgs boson to gluons, which is the main interest of this analysis. Therefore, first of
all, the necessary understanding of CP-invariance will be given in the following.

CP transformation refers to the product of charge conjugation and parity sym-
metry. In particle physics, the charge conjugation illustrates the symmetry between
particle and antiparticle. While transformation describes the mirror inversion of the
physics system.

C and P and CP-symmetry is conserved in electromagnetic and strong interac-
tions. This CP symmetry suggested by Lev Landau in 1957 [15] to reinstate parity
symmetry since the observed parity violation in weak interaction in the 1950s.

In the SM, the CP-symmetry (CP-invariance) is violated in weak interactions and
it has been firstly observed in kaon decay in 1964 [16–18]. This is explained by the
Cabibbo-
Kobayashi-Maskawa (CKM) matrix [1, 2]. The CKM matrix describes the transition
probability Vij of quark i to the quark j and it is defined as d′

s′

b′

 =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 =

 d
s
b

 . (2.21)

The magnitude of CP-violation that appears in the CKM matrix is not sufficient
to explain the observed baryon asymmetry. This asymmetry can be explained by
one of the Sakharov conditions, which is the C and CP-violation [3]. Therefore, a
new source of CP-violation is required.

In the Standard Model, the spin-parity configuration of the Higgs boson is JCP =
0+. It has a positive eigenstate of the charge conjugation and parity transformation
(CP). A positive eigenstate with eigenvalue of +1 is called CP-even, whereas a neg-
ative eigenstate with eigenvalue of -1 is referred to the CP-odd. CP-properties of
the Higgs boson can be studied by investigating its coupling to the gauge bosons
and fermions. Study of CP-properties of the Higgs boson is performed by ATLAS
and CMS experiments in the decay H→ ττ and H→ZZ, WW, γγ shows that the
Higgs boson agrees with the SM prediction of spin-zero with dominant contribution
from CP-even interaction [19–22]. In the vector boson fusion, CP-odd contribution
is suppressed due to the loop level effect. Therefore, investigation of the Higgs bo-
son production in the gluon fusion (ggF) is important as it can, in principle, contain
CP-even and CP-odd contribution at the same level.
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This direct test of CP-invariance has been performed in Higgs production in
gluon fusion with associated with two jets at

√
s = 8 TeV with L = 20.3 fb−1 [23].

This analysis covers the fully leptonic decay of the Higgs boson. Furthermore, Higgs
production in vector boson production in the ditau decay channel has been per-
formed [21, 22].

This thesis will investigate the anomalous coupling structure of the Higgs boson
to the gluons associated with two jets in order to test CP-invariance. Only the decay
of H→ τlepτhad is considered. This direct CP-invariance investigation is performed
based on effective field theory to parametrize the contribution of a CP-odd coupling
in addition to the CP-even coupling in the SM.

2.3 Effective Field Theory of Higgs boson coupling to gluons

The Lagrangian of effective field theory which describes the Higgs characterization
is constructed from an underlying SU(2)Iw, L × U(1)Y symmetry [37]. The advan-
tages of this effective lagrangian are that it includes the dimension six operators for
CP-odd contribution, which are invariant under the electroweak scale. Therefore, it
provides a description of CP-even and CP-odd mixing which is used in this analy-
sis. This effective Lagrangian describes the three-point Higgs boson interaction with
fermions and bosons. However, the term of interest is only Higgs boson interaction
with gluons. Hence, the Lagrangian can be written as

L f
0 = − ∑

f=t,b,τ
ψ f (cos αkH f f gH f f + ı sin αkA f f gA f f )ψ f X0, (2.22)

where ψ f , ψ f are the fermion spinor field, gH f f = m f /υ is the scalar coupling strength
while gA f f = m f /υ denotes the pseudoscalar coupling strength. Here, υ ∼ 246
GeV. Angle α can describe the mixing between 0+ (cos α = 1, sin α = 0) and 0−

(cos α = 0, sin α = 1) states and kH f f , kA f f are dimensionless real coupling param-
eters, and X0 represents the scalar boson. The top-quark loop dominates in Higgs
boson production in gluon fusion. In addition, the b-quark and τ-lepton loops are
negligible as discussed in Sec. 3.1. In the limit of an infinite mass of the top quark
the Lagrangian can be written as,

Le f f = cos(α)gHggkHggGa
µνGa, µνH + sin(α)gAggkAggGa

µνG̃a, µν A, (2.23)

where Ga
µν := ∂µGa

ν − ∂νGa
µ + gs f abcGb

µGa
ν is the gluon field tensor whereas G̃a

µν :=
εµνρσGa, ρσ is the dual tensor. Here, εµνρσ is the total asymmetric tensor with metric
tensor gµν = diag(+1,−1,−1,−1). And H is the pure scalar (cos α = 1, sin α = 0),
A is the pure pseudoscalar (cos α = 0, sin α = 1) component of X0. As a results of
infinite top quark mass, the effective couplings strength are obtained to be

gHgg = − αs

3πυ
; gAgg =

αs

2πυ
, (2.24)

where αs is the strong coupling strength. The dimensionless couplings strength
(kHgg = 1, kAgg = −2/3) is not varied. To obtain this

kHgggHgg = kAgggAgg = − αs

3πυ
≡ g̃. (2.25)
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Moreover, to measure the relative contribution of CP-even and odd states, para-
metrization by tangent is convenient. Therefore, the effective Higgs boson gluon
interaction is expressed as,

Le f f = cos(α)g̃
[

Ga
µνGa, µνH + tan(α)Ga

µνG̃a, µν A
]

. (2.26)

Here, tan α = 0 describes the no CP-violation (SM) case and tan α 6= 0 yields the
CP-violating scenarios.

2.4 Test of CP-invariance and CP-odd observables

Model-dependent or model-independent methods can be used to probe the invari-
ance of the processes. In this thesis, the study of an anomalous coupling of the Higgs
boson to the gluons uses a model-independent test of CP-invariance. It can be per-
formed by measuring the mean value of a CP-odd observable OCP, and it defined
as

〈OCP〉 =
∫ OCPdΩ

dΩ
, (2.27)

where Ω is a CP-symmetric phase space. The CP symmetry is conserved when
〈OCP〉 = 0. And 〈OCP〉 6= 0 illustrates the CP-violation. This method refers to a
model-independent test of CP-invariance.

The observables which are sensitive to the CP-odd contribution to Higgs boson
in gluon fusion are the azimuthal angle between outgoing jets so called tagging jets
(∆Φjj) and the Optimal Observable (OO).

2.4.1 Azimuthal angle between two tagging jets

This analysis is concentrated on structure of the Higgs boson production in gluon
fusion with associated two jets, ggF H+ 2 jets. In order to probe the CP-invariance,
the kinematics of the process is important. The azimuthal angle between the two jets
are sensitive to the CP-mixing states, and it is defined as,

∆Φjj = Φj1 −Φj2 , (2.28)

where j1,2 represents the outgoing jets. In this analysis, ∆Φjj is ordered by the
pseudorapidity η and further, it will be denoted as ∆Φordered

jj . The distribution of
∆Φordered

jj for tan α = −0.4 and tan α = 1 are showin in Fig. 2.8. The ∆Φordered
jj

event distributions in process ggF H+2 jets are generated by MadGraph at LO at√
s = 13 TeV. From the figure, CP-even and CP-mixing states have a distinct distri-

butions. It is quantified by the mean value of ∆Φordered
jj . In the SM, 〈∆Φordered

jj 〉 = 0
consistent with the CP-invariance. However, for CP-mixing states, 〈∆Φordered

jj 〉 =
−0.066± 0.005 is obtained at tan α = −0.4 and 〈∆Φordered

jj 〉 = 0.099± 0.005 is ob-
tained at tan α = 1.

A different choice of defining a CP-odd angular observable is given by choosing
two outgoing jets in different hemispheres. It is referred to as a signed azimuthal
angle between two jets and denoted as ∆Φsign

jj . It can be expressed as [38],

εµνρσbµ
+pν

+bρ
−pσ
− = 2pT+pT− sin(Φ+ −Φ−) = 2pT+pT− sin ∆Φjj, (2.29)
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FIGURE 2.8: Normalized distibutions of the azimuthal angle between
jets ∆Φjj ordered by pseudorapidity for different mixing angles tan α
values with the statistical uncertainty. The dashed violet line indi-
cates the SM case where tan α = 0, the solid blue line indicates the
CP-mixing state with tan α = −0.4, and dashed green line illustrates

the tan α = 1 distribution.

where bµ
+ (bµ

−) are the clockwise(anti-clockwise) circulating proton beams normal-
ized four-momenta, pµ

+ (pµ
−) are the four-momenta of two outgoing jets. And pT+ (pT−)

is the four momentum vector of jet point to same detector hemispheres as bµ
+ (bµ

−).
Normalized distributions of ∆Φsign

jj for SM and CP-mixing states are illustrated in
Fig. 2.9. Also, event distribution is generate by MadGraph5 [39].

2.4.2 Optimal Observable

Another CP-odd observable to investigate the Higgs boson coupling structure to
gluons is the Optimal Observable (OO) [40–42].

This section introduces the parametrization of the CP-even and CP-odd states for
OO observable.

Effective Lagrangian for anomalous coupling of the Higgs boson to the gluons
is discussed in the Sec. 2.3. From Eq. 2.3, the matrix element that describes the
kinematics of the process can be written as,

M =MSM + tan(α)MCP-odd, (2.30)

whereMSM(MCP-odd) is the matrix element of standard model (CP-odd) Higgs bo-
son coupling to gluons. Moreover, the relative contributions of CP-even and CP-odd
state are described by the mixing angle tan α. And the squared matrix element of the
process is given by

|M|2 = |MSM|2 + tan(α)2Re{M∗
SMMCP−odd}+ tan2(α)|MCP−odd|2. (2.31)
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FIGURE 2.9: Normalized distributions of the signed azimuthal an-
gle between jets ∆Φsign

jj for different mixing angles tan α values with
the statistical uncertainty. The dashed violet line indicates the SM
case where tan α = 0. While the solid blue line indicates the CP-
mixing state with tan α = −0.4, and the dashed green line illustrates

the tan α = 1 distributions.

Here, 2Re{M∗
SMMCP−odd} is the CP-odd interference term of CP-even and CP-odd

couplings. This interference term is sensitive to CP-violation. However, the first and
the third term is conserving the sign under the CP-transformation. Hence, OO is
defined by the ratio of interference term and squared matrix element of SM by

OO =
2Re{M∗

SMMCP−odd}
|MSM|2

. (2.32)

The advantages of the OO are that it can be calculated from the four-momentum
vectors of Higgs boson and jets. Also, it does not depend on the subsequent decay of
the Higgs boson. Most importantly, this one-dimensional variable contains the full
phase space information. Thus, it can provide a high sensitivity to the anomalous
coupling than other variables. Normalized distributions of the OO for different CP-
mixing scenario are shown in Fig. 2.10.
OO distribution in the SM is symmetric, and the mean value is compatible with

zero. However, in the CP-mixing states, distributions are asymmetric, and for neg-
ative tan α value distributions are negatively shifted, and for positive value is vice
versa.

The matrix element of the process depends on the initial and final state particles,
and it can be written as,

M(pµ
p1 , pµ

p2 , pµ
k1

, pµ
k2

, pµ
H) = ∑

f1 f2→ f3 f4

M(pµ
p1, f1

, pµ
p2, f2

, pµ
k1, f3

, pµ
k2, f4

, pµ
H)

× F(x1, f1)F(x2, f2), (2.33)
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FIGURE 2.10: Normalized distibutions of the Optimal Observable
OO for different mixing angles tan α values with the statistical uncer-
tainty. The dashed violet line indicates the SM case where tan α = 0,
the solid blue line indicates the CP-mixing state with tan α = −0.4,

and dashed green line illustrates the tan α = 1 distributions.

where sum runs over all combinations of the incoming and outgoing partons. The
pµ

p1, 2 , pµ
k1, 2

represents the four momentum of incoming and outgoing particles, and

pµ
H is the four momentum of the Higgs boson. Here, F(xi, fi) is the parton distribu-

tion function, which i-th parton with the flavour fi carrying the momentum fraction
xi of the proton. The matrix element calculation is extracted from MadGraph5 at LO
using CT10 PDF set [43] with LHAPDF package [44].

Outgoing partons are measured as color neutral jets in the detector and kinemat-
ics of the incoming partons are not available. In order to calculate the matrix element
of the measured events, initial state momentum vectors are build via

pµ
p1/2 = x1/2

√
s

2
(1, 0, 0± 1), (2.34)

where the momentum fractions x1/2 can be calculated from the final state by

x1/2 =
mfinal√

s
e±yfinal , (2.35)

where
√

s is the center of mass energy and mfinal is the invariant mass of the final
state of Higgs boson and two jets and yfinal is the rapidity of the final state of Higgs
boson and two jets.
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Chapter 3

Signal and Background Processes

This analysis exploits the gluon fusion production mode (ggF) where the Higgs bo-
son in produced in association with two jets. In particular, decay of the Higgs boson
H→ τlepτhad is considered. The gluon fusion production (ggF) is the dominant pro-
duction mode (see Section 2.2.1) at the LHC due to the contribution of the gluons
to proton parton density function (PDF). The Higgs boson mass is considered to be
m = 125 GeV with a lifetime of 1.56× 10−22 s. The Higgs boson decays into a pair
of τ-leptons 6.27% [25] of the time. The τ-leptons have a short lifetime of approxi-
mately 2.9× 10−13 s and a mass of 1.78 GeV [25]. The τ-lepton decay is depicted in
Fig. 3.1: 64.79 % [25] of tau-leptons decay hadronically and 35.21 % leptonically [25].
The τ-lepton decay is shown in Fig. 3.1. The probability for the fully leptonic di-tau
decay is 12 %, for the semileptonic di-tau decay is 46 %, and for the fully hadronic
di-tau decay is 42 % [25].

W−

τ−

ντ

νe/νµ/u

e−/µ−/d

FIGURE 3.1: Feynman diagram for τ-lepton decay

When protons collide, numerous particles are produced. When investigating a spe-
cific process, the other physics processes need to be rejected in order to achieve a
high signal purity. Therefore, this chapter discusses the signal and the background
processes for this analysis, the test of CP-invariance of ggF H+2 jets production. The
final state particles are one hadronically decaying τ-lepton, one light lepton (electron
or muon), missing transverse energy and 2 jets. Finally, Monte Carlo generators for
the simulation of signal and background samples, as well as the cross sections are
briefly reviewed.

3.1 Signal process

The signal process considered in this analysis is the ggF Higgs boson production
with two associated jets. The Higgs boson is dominantly produced via a top quark
(a small contribution from a b-quark is found to be negligible) loop in the ggF. The
top quark is massive, mtop = 172.5 GeV, but in this analysis, the top quark mass is ap-
proximated to infinite, mtop → ∞, by an effective coupling vertex of Higgs boson to
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FIGURE 3.2: Example of Feynman diagram for the signal process, ggF
H+2 jets, are shown. The Higgs boson decays into τ-leptons. The red
dot symbolizes the effective coupling of Higgs boson to gluon vertex

in the limit of mtop → ∞.

gluons. The related Feynman diagram for the signal process, ggF H+2 jets, is drawn
in Fig. 3.2. The final state signature is exactly one light lepton (e/µ), one hadroni-
cally decaying τ-lepton with an opposite charge, and two jets. Three neutrinos arise
from the decay of the τ-leptons. In the final state of the gluon fusion, there have
no additional partons produced at the leading order (LO). Although, additional par-
ton(s) are produced by next-to-leading order (NLO), higher-order QCD corrections
due to initial state partons. The signal process is classified into three different cate-
gories depending on the initial state partons. The categories are the gluon-gluon, the
gluon-quark, and the quark-quark initiated processes. These processes are discussed
in detail in Sec. 4.3.

3.2 Background processes

Background processes, in general, are classified into two different categories: re-
ducible background and irreducible background. The irreducible background has a
same final state particles as signal process whereas reducible background has at least
one final state object is misidentified e.g., jet as a hadronically decaying τ-leptons.
Selection criteria can suppress the reducible background. For the ggF H+2 jets analy-
sis, the dominant irreducible background is the Z-boson production associated with
jets, where the subsequent decay of Z-boson is a pair of τ-leptons. The following
sections introduce the main background processes.

3.2.1 Higgs boson background processes

There are four different production modes for the Higgs boson, as discussed earlier
in Sec. 2.2.1. In order to have a well-distinguished signal, other production modes
of the Higgs boson need to be suppressed because we would like to investigate the
anomalous coupling of the Higgs boson in the ggF production mode. The related
Feynman diagrams of these processes are shown in Fig. 3.3; 3.4. As shown in Fig.
3.3, Higgs boson is produced by vector bosons fusion (VBF). From the initial state
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FIGURE 3.3: Example of Feynman diagrams of the Higgs boson in
vector-boson fusion with subsequent Higgs boson decay into a pair
of tau leptons. The left diagram shows the W-boson fusion, and the

right one is the Z-boson fusion processes.

quarks, vector bosons are radiated, and further fusion of the bosons produce the
Higgs boson. In the VBF production, outgoing jets have a large difference of the
pseudorapidity (∆ηjj) and have a large invariant mass mjj in comparison to ggF.

The Higgs boson produced in association with a weak vector boson (VH) is
known as Higgs-strahlung. When weak vector boson decay into hadronically V →
qq̄(′), this VH background contributes to the irreducible backgrounds. Feynman di-
agrams of W/Z-boson associated production are shown in Fig. 3.4.

Z∗
Z

H

q

q
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τ+

q

q

W ∗
W

H

q

q′
τ−

τ+

`

ν

g

FIGURE 3.4: Example of Feynman diagrams of the associated W/Z-
boson (VH) to the Higgs boson are illustrated. The W/Z-boson de-

cays are in the left, hadronically, and in the right, leptonically.

Another production mode of the Higgs boson is the associated production with
a pair of top quark (ttH). The cross section of this process is small as discussed in
Sec. 2.2.1; therefore, it is found to be negligible.

3.2.2 W/Z-boson production associated with jets

Vector boson production in association with jets gives the dominant background
contribution to the ggF H+2 jets analysis. It produces both reducible and irreducible
background contributions. The irreducible background is the Z-boson (or virtual
photon γ∗) production decaying into a pair of τ-leptons (Z/γ∗ → τ−τ+ → τhad +
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`+ 3ν). Feynman diagrams of the Z boson production without jet, with one jet, and
with two jets are shown in Fig. 3.5, left to the right, respectively. A small contribution

q

Z

q

(a) Z-boson

g

q Z

q

(b) Z+jet

g

q

g

q

Z

(c) Z+ 2jets

FIGURE 3.5: Example of Feynman diagrams that illustrate the Z-
boson production without jets, with one jet, and with two jets, re-

spectively, are shown.

to the background arises from Z → `` production. The Z-boson can be produced as-
sociation with jets as shown in the Feynman diagrams Fig. 3.5. The jets can be
misidentified as a hadronically decaying τ-lepton. Also, it could be one lepton is not
detected and one jet is misidentified as a hadronically decaying τ-lepton. As same

q

W±

q′

(a) W-boson

g

q W±

q′

(b) W+jet

g

q

g

q′

W±

(c) W+2 jets

FIGURE 3.6: Example of Feynman diagrams of the W-boson produc-
tion associated with jets.

as Z-boson and its decay, Feynman diagrams of W-boson production with jets are
illustrated in Fig. 3.6. This production of W+jets contributes the background when
W-boson decays leptonically, an associated jets can be misidentified as a hadroni-
cally decaying τ-lepton. This W+jets background gives the dominant contribution
to the jets are misidentified as a hadronically decaying τ-leptons. This background
is reducible, and it can be suppressed by the selection criteria like the transverse
momentum of the jets.

3.2.3 Diboson production

Diboson background contributions are the production of a pair of W-boson (W±W±),
a pair of Z-boson (ZZ), and a pair of W and Z-bosons.
In some cases, these vector bosons couple to each other. This coupling is called Tri-
linear Gauge Boson Coupling (TGC) [45, 46]. Feynman diagrams of this process
are shown in Fig. 3.7. In the production of a pair of W-boson, WW → `νqq

′
, jets

are misidentified as a hadronically decaying τ-leptons. Moreover, the Z-boson de-
cays either leptonically or (two neutrinos, but this is not the case in this analysis)
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FIGURE 3.7: Example of Feynman diagrams for diboson productions.

or hadronically. Therefore, in the ZZ production, one Z boson decays into a pair of
τ-leptons and another one decays into a pair of quarks. Thus, this production can
have the same final state signature as the signal.

3.2.4 Top-quark production

The top-quark background includes the single top-quark production and produc-
tion of a top quark pair. The top quark decays to a W-boson and a b-quark. The

W±

q′ t

q b

(a) Top-quark, s-channel

b

g t

b W±

(b) Top-quark, Wt

W±

q′

b t

q

(c) Top-quark, t-channel

FIGURE 3.8: Example of Feynman diagrams of the single top-quark
productions.
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(a) gg→tt, s-channel

g

q t

q t

(b) qq→tt

t

g t

g t

(c) gg→tt, t-channel

FIGURE 3.9: Example of Feynman diagrams of pair of top-quark pro-
duction. From the left to the right, top-quark pair produced from

gluon and quarks.

Feynman diagrams of the single top-quark production are depicted in Fig. 3.8. This
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background is reducible, and it can be suppressed by the b-jet tagging method. W-
boson decays can also be misidentified as a hadronically decayed τ-lepton. How-
ever, misidentified jets does not need to be originated from W-boson. Moreover,
leptonic decay of the W-boson and misidentified jets have the same final state like
the signal.

Most of the contribution arises from a pair of top-quark production. The Feyn-
man diagrams of these processes are shown in Fig. 3.9.

3.2.5 QCD multi-jet production

The cross section for multi-jet production is huge at the LHC. If at least four jets are
produced, and one identified as electron or muon and one as a hadronically decaying
τ-lepton. It contributes to the reducible backgrounds.

q

g

q

q

q

g

q

g

q

FIGURE 3.10: Example of Feynman diagram for the multi-jet produc-
tion.

In Fig. 3.10 example of Feynman diagram is shown. This multi-jet background
is suppressed by the selection criteria by identification of electron and muon and
hadronically decaying τ-lepton identification. And missing transverse energy selec-
tion criteria can reduce this QCD multi-jet production.

3.3 Simulated event samples

Simulated event samples of the signal and background are generated by multiple
Monte Carlo (MC) event generators. The signal ggF H+2 jets samples are simulated
by MC generator using the Powheg method [47–50] with the NNLOPS program [51]
at Quantum Chromodynamics (QCD) next-to-leading order (NLO) accuracy. The
cross section of the events of the ggF H+1 jet is calculated at next-to-next-to-leading
order (NNLO) in QCD. Whereas the cross section of the ggF H+2 jets is calculated at
NLO in QCD using the MiNLO approach [52].

All Higgs boson production processes are simulated by Powheg interfaced with
Pythia 8.212 [53] for the modeling of parton showering, hadronization, and under-
lying event (UEPS). Herwig 7.0.3 [54] is used to estimate the impact of uncertainties
for the Higgs boson production processes on the UEPS. The parton distribution func-
tion (PDFs), PDF4LHC15 [55], is used for all Higgs boson production modes. The
overall cross section for ggF process is calculated at N3LO in QCD with NLO EW
corrections [56–59]. Moreover, the cross section of VBFH is calculated at NNLO ac-
curacy in QCD with NLO EW corrections [60–62], and the VH process cross section
calculated at NNLO in QCD with NLO EW corrections [63–65] as well.
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The diboson and the W/Z-boson background are simulated with the Sherpa 2.2.1
[66] generator. The matrix element of Z-boson production associated with up to 2
jets is calculated at NLO in QCD, whereas Z+3/4 jets is calculated at LO accuracy.
The inclusive cross section of Z boson production associated with jets is calculated
at NNLO using FEWZ [67, 68]. The NNPDF30NNLO PDF set [69] is used for the
diboson and W/Z-boson+jets processes. Top-quark background is produced with
Powheg interfaced with Pythia 6.428 [70] for UEPS. The cross section of this back-
ground is estimated at NNLO in QCD [71–75] for tt̄ using the Top++2.0 program
[76]. The cross section for Wt̄ production is calculated at NLO. CT10 [43] is used for
top quark production PDF set.

The Monte Carlo generators and cross sections of the simulated samples are pre-
sented in Table 3.1 and Table 3.2. From Table 3.1, one can see the cross section of
the signal process and background of Higgs boson production in different modes.
Also, the cross section of diboson and top quark productions are summarized with
the respective MC generators. In Table 3.2, inclusive cross sections of the dominant
background Z/γ∗ → ττ in association with jets and Z/γ∗ → `` are given.

Event Sample MC generator UEPS Cross section [pb]
ggF H→ τlepτhad Powheg Pythia 8.212 0.461
VBF H→ τlepτhad Powheg Pythia 8.230 0.038

W±H, H→ ττ Powheg Pythia 8.212 0.085
ZH, H→ ττ Powheg Pythia 8.212 0.047

Diboson background
ZZ→ qqνν Sherpa 2.2.1 Sherpa 2.2.1 4.354
ZZ→ qq`` Sherpa 2.2.1 Sherpa 2.2.1 2.172
WZ→ qqνν Sherpa 2.2.1 Sherpa 2.2.1 6.797
WZ→ qq`` Sherpa 2.2.1 Sherpa 2.2.1 3.437
WZ→ `νqq Sherpa 2.2.1 Sherpa 2.2.1 11.413

W±W± → qq`ν Sherpa 2.2.1 Sherpa 2.2.1 24.717/24.734
Top-quark background

tt Powheg Pythia 6.428 452.36
Single t/t, t-channel Powheg Pythia 6.428 44.154/26.275

Wt/Wt Powheg Pythia 6.428 34.849/35.846
Single t/t, s-channel Powheg Pythia 6.428 2.061/1.288

TABLE 3.1: Signal and background Monte Carlo generators with un-
derlying event, hadronization and parton showering model (UEPS)
are described. As well as the inclusive cross section of the standard

model process, H→ τlepτhad at
√

s = 13 TeV.

The W+jets and QCD backgrounds are estimated using a data-driven method.
The estimation of reducible background contributions, where a jet is misidentified
as a hadronically decaying τ-lepton is discussed shortly in Sec. 7.2. The simulation
of the ATLAS detector, which describes detector material and detector response is
performed using the GEANT4 [77].
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Event Sample Cross section [pb]
Z+4 jets, Z/γ∗ → ττ, Sherpa 2.2.1

Z+jets EW 0.633
0 < max(HT, pTV) < 70 GeV 103.012

70 < max(HT, pTV) < 140 GeV 7.747
140 < max(HT, pTV) < 280 GeV 3.709

280 < max(HT, pTV) < 500 GeV, c&b veto 4.672
280 < max(HT, pTV) < 500 GeV, b-veto, c-filter 2.219

280 < max(HT, pTV) < 500 GeV, b-filter 1.465
500 < max(HT, pTV) < 1000 GeV 1.764

1 < max(HT, pTV) < 13 TeV 0.144
10 < m`` < 40 GeV, 0 < max(HT, pTV) < 70 GeV b-veto 2275.811
10 < m`` < 40 GeV, 0 < max(HT, pTV) < 70 GeV b-filter 79.083

10 < m`` < 40 GeV, 70 < max(HT, pTV) < 280 GeV b-veto 43.659
10 < m`` < 40 GeV, 70 < max(HT, pTV) < 280 GeV b-filter 5.4029
10 < m`` < 40 GeV, 0.28 < max(HT, pTV) < 13 TeV b-veto 2.724
10 < m`` < 40 GeV, 0.28 < max(HT, pTV) < 13 TeV b-filter 0.458

Z+4 jets, Z/γ∗ → ``, Sherpa 2.2.1
ee µµ

Z+2jets EW 0.632 0.634
0 < max(HT, pTV) < 70 GeV, c&b veto 1586.660 1589.631

0 < max(HT, pTV) < 70 GeV, c-filter, b-veto 218.160 218.146
0 < max(HT, pTV) < 70 GeV, b-filter 123.301 124.013

70 < max(HT, pTV) < 140 GeV, c&b veto 74.393 73.148
70 < max(HT, pTV) < 140 GeV, c-filter, b-veto 19.829 19.841

70 < max(HT, pTV) < 140 GeV, b-filter 12.308 12.080
140 < max(HT, pTV) < 280 GeV, c&b veto 24.406 23.680

140 < max(HT, pTV) < 280 GeV, c-filter, b-veto 9.138 9.044
140 < max(HT, pTV) < 280 GeV, b-filter 5.931 5.688

280 < max(HT, pTV) < 500 GeV, c&b veto 4.748 4.654
280 < max(HT, pTV) < 500 GeV, c-filter, b-veto 2.223 2.209

280 < max(HT, pTV) < 500 GeV, b-filter 1.457 1.454
500 < max(HT, pTV) < 1000 GeV 1.763 1.743

1 < max(HT, pTV) < 13 TeV 0.145 0.144
10 < m`` < 40 GeV, 0 < max(HT, pTV) < 70 GeV b-veto 2273.175 2272.164
10 < m`` < 40 GeV, 0 < max(HT, pTV) < 70 GeV b-filter 79.332 80.208

10 < m`` < 40 GeV, 70 < max(HT, pTV) < 280 GeV b-veto 43.851 43.761
10 < m`` < 40 GeV, 70 < max(HT, pTV) < 280 GeV b-filter 5.345 4.987
10 < m`` < 40 GeV, 0.28 < max(HT, pTV) < 13 TeV b-veto 2.708 2.691
10 < m`` < 40 GeV, 0.28 < max(HT, pTV) < 13 TeV b-filter 0.461 0.460

TABLE 3.2: Inclusive cross section of the Z/γ∗+jets background with
Monte Carlo generator. The cross section of Z/γ∗ with up to 2 jets

calculated at NLO and 3, 4 jets calculated at LO at
√

s = 13 TeV.
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Chapter 4

Study of anomalous couplings of
the Higgs boson to gluons at
generator level

It is essential to study the CP nature of the Higgs boson by looking for anomalous
coupling structure of the Higgs boson in the gluon fusion production. In this chap-
ter, the effective Higgs boson coupling to gluons is investigated in the Higgs boson
production in gluon fusion in association with with two jets, ggF H+2 jets events,
at generator level. The generator level refers to events produced with no parton
shower nor hadronization, and without detector effects. Background processes and
systematic uncertainties are not considered in this study.

The effective Lagrangian for Higgs boson interaction with gluons can be found
in Sec. 2.3. In order to test the CP-invariance, the relative contributions of CP-even
and CP-odd interactions are important. The mixing angle tan α parametrizes the
relative contributions of CP-even and CP-odd interactions.

For this, CP-odd observables as introduced in Sec. 2.4, are used to study the
anomalous couplings structure of the Higgs boson to gluons. The mean values of
the CP-odd observables for various tan α coupling models can be used to illustrate
the sensitivity of the observable to CP-violating effects. In the Standard Model (SM),
the CP-symmetry is conserved in the Higgs boson interactions; the mean values of
the CP-odd observables have to be compatible with zero. Hence, nonzero mean
values indicate the violation of CP-invariance.

In order to study the tan α dependence, a matrix element based reweighting tech-
nique is used in this analysis to generate signal prediction for non-vanishing tan α
values. This chapter introduces the reweighting technique and shows the sensitivity
to anomalous couplings in ggF H+2 jets events at the generator level. Furthermore,
the sensitivity of the subprocesses contributing ggF H+2 jets production is studied.
The subprocesses are categorized depending on the flavor of incoming and outgoing
particles in ggF H+2 jets.
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4.1 Reweighting technique

Various coupling models corresponding to different tan α values are desired in order
to investigate the Higgs boson coupling structure to gluons. The simulation of these
signal samples are not efficient. Instead, a reweighting technique can be applied.
It uses the matrix element of a particular process to calculate the event weight to a
specific tan α value and it is expressed by

W(tan α) =
|M(tan α)|2
|MSM|2

. (4.1)

HereM(tan α) is the matrix element of the process of interest, andMSM =
M(tan α = 0) where corresponds to the SM interaction. The reweighting technique
uses the truth level four-momentum vectors and flavours of the incoming and out-
going particles as input information [23].

Variable Tau [Gev] Jets [Gev]

pmin
T 10 20
|η| 2.5 5
∆Rmin(ττ(jj)) 0.4 0.4

TABLE 4.1: Threshold of kinematic variables for jets and τ-leptons
in the generator of leading order (LO) ggF H+2 jets events in Mad-

Graph5 [39]. The τ-leptons are considered to be stable.

ggF H+2 jets signal events are generated at leading order (LO) with MadGraph5
[39] using the CT10 PDF set [43] within at the Higgs-Characterization model [37].
The matrix element of the processes at LO is extracted from the MadGraph5 [39] for
calculating the weight used in reweighting technique. The center of mass energy is√

s = 13 TeV, and the analysis considers a four-flavor scheme (up, down, strange,
charm quarks) without parton shower. As discussed in Chapter 3, the subsequent
decay of the Higgs boson is the semileptonic a pair of τ-leptons is considered. How-
ever, for this sensitivity study on the anomalous couplings of the Higgs boson to
gluons, the decay channel of the Higgs boson is not relevant. Table 4.1 summarizes
the threshold value of the kinematic variables for τ-lepton and jets applied in the
event generator.

By applying the reweighting technique, reweighted distributions are compared
to the directly generated events by MadGraph5 [39] for certain tan α-models.

For the validation, the distributions of CP-odd observables and their correspond-
ing mean values are compared for tan α = 1 for LO reweighted and LO generated
events. A comparison of the distributions of the CP-odd observables is shown in
Fig. 4.1.

As illustrated in Fig. 4.1a; 4.1b; 4.1c, the distributions of ∆Φordered
jj ; ∆Φsign

jj ; OO
observables respectively have a good agreement between reweighted and generated
events. In addition, the mean values are compared in Table 4.2 and they are compat-
ible with each other within statistical uncertainties.

The signal sample ggF H+2 jets can be grouped into gluon-gluon (gg), gluon-
quark (gq) and quark-quark (qq) initial states depending on their combination of
incoming parton flavors. Therefore, it is also important to validate the reweighting
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FIGURE 4.1: Comparison of LO reweighted (rw) and LO generated
(gen) events for tan α = 1 for the normalized distributions of the fol-
lowing CP-odd observables: (a) ∆Φordered

jj , (b) ∆Φsign
jj , and (c) OO.

Here, events are generated by MadGraph5 [39]. Only statistical un-
certainties are shown. Reweighted events are drawn a solid blue line,
and generated events are drawn as purple dashed lines in all figures.

method for the different subprocesses of the ggF H+2 jets seperately. The compari-
son for the different distributions of subprocesses at tan α = 1 between reweighted
and generated events are shown in Fig. 4.2; 4.3; 4.4.

The ∆Φsign
jj distributions in each subprocess are shown in Fig. 4.2 for reweighted

and generated events at tan α = 1. As seen in Fig. 4.2a, the mean value of the ∆Φsign
jj

in the gg initial state shows some fluctuations. The events are reduced by 58.4 %
when requiring the outgoing jets to be in opposite hemispheres. Hence, reducing
the statistics, reweighted and generated events for ∆Φsign

jj give some fluctuation.
The gq initial, and qq initial subprocesses in Fig. 4.2b, Fig. 4.2c respectively, show
good agreement between reweighted and generated events within the statistical un-
certainties.

Since the jet selection in ∆Φsign
jj reduces number of the events, another approach

for the jets is studied. The outgoing jets are ordered by their pseudorapidity η-
value. This ∆Φordered

jj distributions for subprocesses in reweighted and generated
events are shown in Fig. 4.3. From the distributions, one can see the agreement
between reweighted and generated events. The mean values are compatible within
uncertainties.
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FIGURE 4.2: Comparison of reweighted (rw) and generated events
(gen) at tan α = 1 for ∆Φsign

jj in (a) gluon-gluon (gg), (b) gluon-quark
(gq), and (c) quark-quark (qq) initiated processes for ggF H+2 jets
events. The distributions are normalized and only statistical uncer-

tainties are shown.

The OO distributions for different subprocesses as shown in Fig. 4.4, also show
good agreement between reweighted and generated events. In addition, the corre-
sponding mean values at tan α = 1 for reweighted and generated events are com-
patible with each other within uncertainties.

These results allow to validate the LO reweighting method for LO generated ggF
H+2 jets events.

However, as discussed in Sec. 3.1, this analysis uses signal events, which are
generated at next-to-leading order (NLO) with the Monte Carlo event generator
Powheg [47–50]. Therefore, it is examined how well the LO reweighting method
works, when it is applied to NLO events. The events of the NLO sample are pro-
duced with the same threshold value for kinematic variables as LO Madgraph event
samples as summarized in Table 4.1. Hence, we can compare the mean values of the
CP-odd observables, as shown in Table 4.2.

From Table 4.2, one can see the LO reweighting comparison for LO ggF H+2jets
produced with MadGraph5 and NLO ggF H+2 jets sample produced with Powheg
for different CP-odd observables. There are deviations between the CP-odd observ-
able mean values for LO and NLO samples when the LO reweighting method is
used. In principle, the reweighting method at NLO order is wanted, but it is not
available. The LO order reweighting method does not consider the effect of NLO
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FIGURE 4.3: Comparison of reweighted (rw) and generated events
(gen) at tan α = 1 for ∆Φordered

jj in (a) gluon-gluon (gg), (b) gluon-
quark (gq), and (c) quark-quark (qq) initiated processes for ggF H+2
jets events. The distributions are normalized and only statistical un-

certainties are shown.

corrections. However, as the application of NLO reweighting is not trivial, it could
not be developed in the context of this thesis.
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FIGURE 4.4: Comparison of reweighted (rw) and generated events
(gen) for OO in (a) gluon-gluon (gg), (b) gluon-quark (gq), and (c)
quark-quark (qq) initiated processes for ggF H+2 jets events. The
distributions are normalized, and only statistical uncertainties are

shown.

ggF H+2jets MadGraph5 LO Powheg NLO
tan α OO Generated LO reweighted

1

all 0.0802± 0.0017 0.0792± 0.0016 0.0789± 0.0011
gg Initial 0.0405± 0.0015 0.0413± 0.0014 0.0617± 0.0010
gq Initial 0.1248± 0.0035 0.1196± 0.0035 0.0801± 0.0026
qq Initial 0.4593± 0.0258 0.4599± 0.0395 0.4631± 0.0175

tan α ∆Φsign
jj Generated LO reweighted

1

all 0.2029± 0.0089 0.1831± 0.0102 0.1584± 0.0056
gg Initial 0.1399± 0.0114 0.1089± 0.0120 0.1499± 0.0060
gq Initial 0.2672± 0.0153 0.2697± 0.0182 0.1314± 0.0117
qq Initial 0.5262± 0.0411 0.4935± 0.0723 0.4788± 0.0326

tan α ∆Φordered
jj Generated LO reweighted

1

all 0.1084± 0.0055 0.0993± 0.0059 0.0899± 0.0034
gg Initial 0.0629± 0.0068 0.0496± 0.0070 0.0829± 0.0037
gq Initial 0.1660± 0.0098 0.1645± 0.0106 0.0785± 0.0072
qq Initial 0.4581± 0.0360 0.4477± 0.0573 0.3853± 0.0258

TABLE 4.2: Comparison of the mean values for different CP-odd ob-
servables between generated and reweighted events with tan α = 1.
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4.2 Sensitivity study

In order to study the anomalous couplings between Higgs boson and gluons, this
analysis uses the CP-odd observables. ∆Φsign

jj , ∆Φordered
jj , OO, which are introduced

in Sec. 2.4. Furthermore, the sensivity to CP-violation can be studied by determining
the mean values for various CP mixing states corresponding to tan α values which
deviate from zero (SM). A mean value of zero corresponds to CP-invariance, and it
should be obtained for tan α = 0 in each CP-odd observable.
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FIGURE 4.5: Normalized distributions of the CP-odd observables: (a)
∆Φsign

jj , (b) ∆Φordered
jj , (c) Optimal Observable for various tan α values.

Here, NLO event distributions are reweighted at LO and only statis-
tical uncertainties are shown. From the ratio plots, one can see that
distributions are shifted to the left for negative tan α values, while dis-

tributions are shifted to the right for positive tan α values.

As discussed in the previous section, the reweighting technique allows to ob-
tain signal events with various anomalous coupling models of the Higgs boson and
gluons. The normalized distributions of the CP-odd observables for various tan α
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values are shown in Fig. 4.5. The distributions of the observables are shifted to the
left for negative tan α values and shifted to the right for positive tan α values. The
mean value of the CP-odd observables as a function of various tan α values are illus-
trated in Fig. 4.6. Here, the sensitivity to the effective couplings of the Higgs boson
to gluons are compared for LO and NLO reweighted events.

Fig. 4.6a shows the 〈∆Φsign
jj 〉 dependency on tan α for LO Madgraph5 [39] and

NLO Powheg [47–50] events. Selecting the jets in opposite hemisphere reduces the
number of events by 58.4 % and therefore enhances the statistical uncertainties. As
shown in Fig. 4.6b, the sensitivity to anomalous couplings of Higgs boson to glu-
ons is reduced due to the application of the LO reweighting method to the events
generated at NLO.

In order to retain the full available statistics ∆Φordered
jj is used to study anoma-

lous couplings as well, and it is shown in Fig. 4.6c; 4.6d for LO and NLO events,
respectively.

Furthermore, the Optimal Observable mean value distributions for LO and NLO
as a function of tan α are shown in Fig. 4.6e; 4.6f.

All CP-odd observables allow to distinguish various models of tan α. For all CP-
odd observables mean value distributions, it can be seen that negative mean values
of the observables occur for negative tan α values. For the positive mean values,
it is vice versa. Moreover, the maximum mean values of the CP-odd observables
are obtained for tan α = 1 corresponding to the same amount of CP-even and CP-
odd contributions. To investigate which CP-odd observable is more sensitive to the
anomalous coupling of the Higgs boson and gluons, the mean values of the observ-
ables are normalized to the root mean square (RMS) as shown in Fig. 4.7. Here, one
can see that the Optimal Observable provides a better sensitivity to anomalous cou-
plings ggF H+2 jets than the azimuthal angle difference between the outgoing jets.
Furthermore, ∆Φsign

jj shows larger deviations of the mean value from zero compared
to the η-ordered ∆Φordered

jj .
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FIGURE 4.6: Mean values of CP-odd observables as a function of var-
ious tan α values. (a) and (b) show the mean of ∆Φsign

jj in the LO and
NLO event sample, respectively. Also (c), (d) show the mean value of
∆Φordered

jj for LO and NLO events; (e), (f) show the Optimal Observ-
able mean value distributions for LO and NLO with various tan α.
The red dashed line indicates the zero mean value of the observables,

which illustrates the CP-invariance.
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FIGURE 4.7: Comparison of the mean values of CP-odd observables
normalized to the root mean square (RMS) as function of tan α for (a)
LO and (b) NLO samples. The red dashed line indicates the expecta-
tion of mean value zero for SM coupling. The solid blue line indicates
the normalized mean value for Optimal Observable, and the pur-
ple line indicates the normalized mean values for ∆Φsign

jj and green

line indicates the ∆Φordered
jj observables respectively. MadGraph5 [39]

produces the LO ggF H+2 jets events, whereas the Powheg Monte
Carlo generator [47–50] produces the NLO event sample.



4.3. Sensitivity of different subprocesses 39

4.3 Sensitivity of different subprocesses

The ggF H+2 jets events can be classified into three different groups depending on
their flavor combination of the initial state partons. This gluon-gluon (gg), gluon-
quark (gq) and quark-quark (qq) subprocesses are described in Sec. 3.1. The vali-
dation of the reweighting method for each subprocess is discussed in Sec. 4.1. The
relative contributions of the subprocesses to the total ggF H+2 jets event sample are
summarized in Table 4.3 and examples of Feynman diagrams are shown in Fig. 4.8.
The dominant contribution arises from gg initiated processes with 63.3 % followed

Initial partons Subprocesses Contribution

gluon - gluon
gg→ Hgg

63.3.%
gg→ Hqq

gluon - quark
gq→ Hgq

33.9 %
gq→ Hgq

quark - quark

qq
′ → Hqq

′

2.8 %

qq
′ → Hqq

′

qq→ Hqq
qq→ Hqq

′

qq→ Hgg
qq→ Hqq
qq
′ → Hqq

′

qq→ Hqq

TABLE 4.3: Relative contribution of the different subprocesses for ggF
H+2 jets production at LO.

by the gq initiated process with 33.9 % and the qq initiated process with 2.8 %.
Fig. 4.9 shows the ∆Φsign

jj distributions for the different in subprocesses of ggF

H+2 jets for various tan α values. The ∆Φsign
jj mean values for various tan α coupling

models are shown in Fig. 4.10. The highest deviations of the mean value is obtained
with the quark-quark initiated subprocess, while gg, gq initiated processes give less
sensitivity to the anomalous coupling between Higgs boson and gluons. However,
gluon initiated subprocesses give the largest contribution to the total ggF sample.

Another CP-odd observable is ∆Φordered
jj . Its distributions for the different sub-

processes of ggF H+2 jets are shown in Fig. 4.11. The mean values as a function of
the tan α coupling are shown in Fig. 4.12. Similar to ∆Φsign

jj , qq initiated processes
are more sensitive to the effective Higgs boson and gluon couplings than gluon initi-
ated processes. Quark-quark initiated processes have larger statistical uncertainties
due to their small contribution to ggF H+2 jets events.

The distributions of the Optimal observable for different tan α values are shown
in Fig. 4.13 for the different subprocess. Fig. 4.14 shows the sensitivity of the sub-
processes to anomalous couplings of the Higgs boson to the gluons. The qq initiated
process also here gives highest sensitivity to anomalous couplings of the Higgs bo-
son and gluons.

Fig. 4.10, 4.12, 4.14 provide a comparison between the reweighted events at LO
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FIGURE 4.8: Example of Feynman diagrams at leading-order (LO) for
different subprocesses of ggF H+2 jets. The event ggF H+2 jets can be
classified depending on their incoming parton flavor combinations as
a gluon-gluon (gg): (a) gg→Hgg, (b) gg→ Hqq; gluon-quark (gq): (c)
gq→Hgq, (d) gq → Hgq; and quark-quark (qq): (e) qq →Hgg; (f)
qq → Hqq

′
. Red dot illustrates the top quark loop with assumption

of infinite top quark mass mtop → ∞. Feynman diagrams are from
MadGraph5 [39].

and NLO. In the NLO sample, the sensitivity of subprocesses to the anomalous cou-
pling of the Higgs boson and gluons are reduced due to the LO reweighting. Fur-
thermore, the gluon-gluon initiated processes shown similar sensitivity compared
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FIGURE 4.9: Normalized distributions of ∆Φsign
jj for various tan α val-

ues for the different (a) gg, (b) gq, and (c) qq subprocesses with sta-
tistical uncertainties. Here, ggF H+2 jets events are produced at NLO
and reweighted at LO. Ratio plot shows the ratio for effective anoma-

lous coupling to the SM prediction.

to the gluon-quark initiated processes. From the LO sample, one can see that the
gluon-quark initiated process provide large deviations of the mean value from zero
than the gg initiated process.
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FIGURE 4.10: Distribution of ∆Φsign
jj mean values as a function of

tan α for different initial states. (a) LO and (b) NLO reweighted sam-
ples are compared in gluon-gluon (blue), for gluon-quark (purple),
and in quark-quark (green) initiated processes. Only statistical un-

certainties are shown.
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FIGURE 4.11: Normalized distributions of ∆Φordered
jj for various tan α

values for the different (a) gg, (b) gq, and (c) qq subprocesses with
statistical uncertainties. Here, ggF H+2 jets events are produced at
NLO and reweighted at LO. Ratio plot shows the ratio for effective

anomalous coupling to the SM prediction.
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FIGURE 4.12: ∆Φordered
jj mean values distribution as a function of

tan α for different initial states. (a) LO and (b) NLO reweighted sam-
ples are compared in gluon-gluon (blue), for gluon-quark (purple),
and in quark-quark (green) initiated processes. Only statistical un-

certainties are shown.
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FIGURE 4.13: Normalized distributions of OO for various tan α val-
ues for the different (a) gg, (b) gq, and (c) qq subprocesses with sta-
tistical uncertainties. Here, ggF H+2 jets events are produced at NLO
and reweighted at LO. Ratio plot shows the ratio for effective anoma-

lous coupling to the SM prediction.
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Chapter 5

ATLAS Experiment at the LHC

This chapter provides information for a particle accelerator, in particular, LHC, and
high luminosity experiment, the ATLAS detector. Furthermore, proton-proton (pp)
collisions data collected in the ATLAS experiment will be presented.

In principle, particle accelerator constructed in two different ways, linear col-
liders (LINAC) and circular or synchrotron accelerators. Circular or synchrotron
accelerators can provide higher energies than linear colliders [78]. The accelera-
tors experiment can be performed in two different ways, fixed target experiments√

s =
√

2E beamm target and colliding beam experiments
√

s = 2E beam. The collision
of two particles has the advantage of getting a higher center of mass energies than
the fixed target experiment. The LHC is a synchrotron accelerator.

5.1 Large Hadron Collider

The Large Hadron Collider, LHC, [79] is the machine designed to investigate Stan-
dard Model (SM) physics and beyond. This accelerator is located at the CERN lab-
oratory near Geneva at the edge of France and Switzerland. This proton-proton
collider installed up to 170 m below the ground within a 27 km circumference tun-
nel. The LHC is built in the former LEP tunnel, which was running in the period of
1989-2000. It designed to reach maximum

√
s = 14 TeV in pp collisions, also collides

the heavy-ion collisions like lead Pb-Pb. Initially, LHC has been colliding proton
beams in the center mass of energy 900 GeV and reached 7 TeV in 2010. Run 1 of
the LHC is the period of data taking in 2010-2011(2012) with

√
s = 7(8) TeV. Run 2

covers the time between 2015-2018 with
√

s = 13 TeV. This particle accelerator has
two proton rings. The beam circle is bent by superconducting magnets, which are 15
m long 35-ton dipoles. The 1232 dipole magnets are called "2-in-1" because two pro-
ton beams are placed in opposite directions in each beam pipe. The dipoles create
the 8.33 T magnetic field and are cooled by liquid helium to a temperature of 1.9o K.
Beams consists of 2808 proton bunches with bunch spacing 25 ns. And each bunch
contains approximately 1011 protons. The energy stored in the beam is 360 MJ. The
collision rates are proportional to the beam size. Therefore the beams are squeezed
at the interaction points.

The LHC has four different experiment detectors, and the accelerator chain is
sketched in Fig. 5.1. The LINAC produces 50 MeV protons and the Booster fed by
those protons and further accelerates them up to 1.4 GeV. Then protons are injected
to the Proton Synchrotron (PS) to get 26 GeV energy. From the PS, Super Proton
Synchrotron (SPS) accelerate proton beams up to 450 GeV. Then, protons are injected
into the two rings, where they reach the 6.5 TeV center of mass-energy in each beam.
The collision of protons will be recorded at detectors.
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FIGURE 5.1: The LHC accelerator chain [78].

The experiments CMS and ATLAS are general-purpose detectors. LHCb studies
rare decays, CP-violation, and b-quark physics. Another detector, ALICE, investi-
gates quark-gluon plasma.
This thesis uses data collected at the ATLAS experiment.

5.1.1 Luminosity

In a particle collider, there are some important parameters. The number of collision
events produced per second is defined by the collision rate and it is given by

R =
dN
dt

= Lσ, (5.1)

where, σ is the cross section of the process with unit of area usually in a barn and L
is the instantaneous luminosity with unit of [1/(cross section × time)]. The number
of events produced N can be found by the integrating equation 5.1,

Nproduced events = σ×
∫
Ldt, (5.2)

where
∫
Ldt is the integrated luminosity. All events cannot be detected due to the

inefficiency of the trigger. Therefore, these have to calculated experimentally,

Nobserved events = σ×
∫
Ldt× ε, (5.3)
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with the total efficiency ε of identifying collision events of interest. The differ-
ence between integrated and instantaneous luminosity is instantaneous luminosity
drops when the protons collide. For two colliding proton bunches instantaneous
luminosity defined as

L =
N2

pnb frevγr

4πεnβ∗
F, (5.4)

where particles number in a bunch denoted as Np, bunches number in a beam sym-
bolized as nb. And the revolution frequency is denoted as frev, γr stands for the
relativistic gamma factor. Beam emmitance to the transverse plane is represented by
εn, the collsion point beta function is symbolized by β∗. And F is the reduction fac-
tor for geometric luminosity which depends on the crossing angle at the interaction
point. More detailed information can be found on [80].
Integrated luminosity is alternatively,

Lint = L0τL[1− e−Trun/τL ] (5.5)

where Trun is the total length of the luminosity run and τL which denotes the beam
half-life. The maximum instantaneous luminosity of the LHC is 10 33 - 10 34 cm−2

s−1, whereas integrated luminosity per year is the 10 - 100 fb−1.

5.2 ATLAS Detector

The ATLAS detector [81] located at CERN, is a general-purpose detector, and it has
symmetry in the forward-backward direction as well as to the interaction point. This
large high luminosity detector has a length of 44 m and a height of 25 m as illustrated
in Fig. 5.2, The detector consists of an inner tracking detector surrounded by the

FIGURE 5.2: ATLAS detector structure [81].

superconducting solenoid, electromagnetic and hadronic calorimeters, and muon
chambers. ATLAS detector has 2 magnets: the inner magnet is solenoid with 2 T
magnetic field and the outer magnets are toroid which gives a 4 T magnetic field. The
following sections will give more detailed information for each part of the ATLAS
detector [81]. Before going further, there are necessary definitions will be mentioned
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Detector part Detector technology Resolution η coverage
Meas. Trigger

Tracking silicon/gas σpT /pT = 0.05% pT ⊕ 1% ±2.5
EM calorimeter liquid Argon σE/E = 10%

√
E⊕ 0.7% ±3.2 ± 2.5

Hadronic calorimeter
steel/scintillatorbarrel and end-cap σE/E = 50%

√
E⊕ 3% ±3.2 ± 3.2

forward σE/E = 100%
√

E⊕ 10% 3.1 < |η| < 4.9 3.1 < |η| < 4.9
Muon spectrometer RPC’s/drift σpT /pT = 10% at pT = 1 TeV ±2.7 ± 2.4

TABLE 5.1: The performance and detector technology of the ATLAS
experiment [78, 81].

herein brief.
Rapidity and Pseudorapidity: A cylindrical coordinate system is used in the collider
experiment. The z-axis is defined in direction of the beam. And θ is the polar angle
and the azimuthal angle is noted φ. Here, the interaction point is z = 0. The rapidity
of the particle is defined as,

y =
1
2

log
(

E + pz

E− pz

)
= tanh−1

( pz

E

)
, (5.6)

where E is the energy and pz is the particles’ momentum in the z-direction. In this
coordinate system, θ is not Lorentz invariant therefore the pseudorapidity is defined
as function of θ,

η ≡ − log tan(θ/2). (5.7)

From Eq. 5.7, forward region is defined by η ≥ 1, backward region η ≤ −1. The
rapidity difference ∆y is Lorentz invariant under the boost along the beam direction.
For massless particle, the rapidity and the pseudorapidity are equal.

Separation of particles, ∆R distance, is used to determine the particles’ separa-
tion in (η − φ)-plane. It is defined as

∆R =
√
(∆η)2 + (∆φ)2, (5.8)

where ∆η is the pseudorapidity difference and ∆φ is the azimuthal angle difference.

Transverse quantities: In hadron collisions, one does not know the initial state
partons of the event. Initial pz is unknown, therefore, final pz cannot be constrained
like ∑ pT = 0. The transverse mass is defined as

m2
T =

√
E2

T − p2
T. (5.9)

where ET = E sin θ is transverse energy and pT = p sin θ is transverse momentum
of a particle. Missing transverse energy is

Emiss
T = − ∑

all visible

−→ET. (5.10)

5.2.1 Inner Tracking Detector

The purpose of the tracking detector is to measure the trajectory and charge of a
particle and its momentum. This sub-detector should be constructed from as little
material as possible to suppress multiple scattering. Two main technologies are used
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for inner detector gas and silicon detectors. The detector is surrounded by a mag-
netic field to cause the curvature of the particle’s track. The inner detector of ATLAS

FIGURE 5.3: The layers of inner detector [81].

is shown in Fig. 5.3. Inner tracking detector has a length of 6.2 m and a diameter
of 2.1 m. The solenoid generates the 2T magnetic fields. The tracking detector con-
sists of pixel and silicon microstrip (SCT) trackers and Transition Radiation Tracker
(TRT). The pixel and SCT enclose the |η| < 2.5 area. The pixel detector has a four
layers, each layers 50× 400 µm2 size in (R− φ× z) plane with 80.4 million readout
channels. New insertable B-layer (IBL) was implemented in the deep-seated pixel
detector layer. This IBL is close to beamline which is important for heavy flavor
identification. The SCT has eight strip layers, coordinates measured by the 40mrad
stereo strips in the barrel region in (R− φ× z) plane with 6.3 million readout chan-
nels. And TRT has straw tubes with 4 mm, gives the coordinates in R− φ plane. The
tracks are covering |η| < 2.0 with 351000 readout channels.

5.2.2 Calorimeters

The calorimeters measure the energy of the particles and their respective positions.
There are 2 different calorimeters, electromagnetic (EM) and hadronic calorimeters.
EM calorimeter is designed to detect particles with electromagnetic interaction such
as photon and electron, whereas hadronic calorimeter is detecting hadrons like neu-
tron. One of the important parameters of the calorimeters is the relative uncertainty
(resolution of the calorimeters). It is defined as

σE

E
=

a√
E
⊕ b⊕ c

E
, (5.11)

where a is the stochastic term and b is the constant and c is primarily due to noise
such as electronic. Here, ⊕ is quadrature adding, a⊕ b =

√
a2 + b2. The calorime-

ters can be two different types of detectors such as homogeneous calorimeter and
sampling calorimeter. The homogeneous calorimeter is made of scintillating high Z
heavy inorganic material like crystals and liquid Argon. It generates the electromag-
netic signal. And sampling calorimeters made of the active and passive medium to
create a signal and absorb the energy, respectively. Also, they have different energy
resolutions which you can see from table 5.1.
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FIGURE 5.4: The layers of calorimeter [81].

As shown in the Fig. 5.4, electromagnetic calorimeter of the ATLAS experiment
is made by liquid Argon (LAr) and has sublayers such as barrel part with |η| <
1.475 coverage and two end cap components with 1.375 < |η| < 3.2 coverage. The
geometry of this calorimeter has a full coverage, complete φ symmetry. The total
thickness of the EM calorimeter’s barrel is 22 - 30 radiation lengths (X0) in respect
to 0 < |η| < 0.8, and end-caps thickness is 24 X0 - 33 X0 in 0.8 < |η| < 1.3.

Hadronic calorimeters consist of tile calorimeter, LAr hadronic end-cap calorime-
ter (HEC) and LAr forward calorimeter (FCal). The tile calorimeter is inserted around
to the EM calorimeter and it has a barrel with extended region 0.8 < |η| < 1.7. This
sublayer is the sampling calorimeter that is made of steel and scintillating active ma-
terial. Thickness of this layer is 9.7 λ at η = 0. The HEC contains in the end-cap 2
independent EM calorimeter. It expands to |η| = 3.2 and it causes the overlap with
a forward calorimeter. Also, it overlaps with the tile calorimeter with a range of
|η| = 1.5.

5.2.3 Muon Spectrometer

The muon spectrometer is designed to measure the muons charge and positions.
Tracks of the muon are reconstructed by inner tracking detector and by muon spec-
trometry. This detector is placed as outermost layer of the ATLAS detector that is
outside of the hadronic calorimeters. Muon is minimum ionizing particles because
muons penetration. From Fig. 5.5, the muon spectrometer consists of large super-
conducting air-core toroid magnets, trigger, and high precision measurement track-
ing chambers. The large barrel toroid covers the pseudorapidy of |η| < 1.4. The
end-cap toroids cover the range of 1.6 < |η| < 2.7. The region 1.4 < |η| < 1.6 is
a transition region supplied by both barrel and end-cap magnetic fields deflection.
There are 3 different hight precision measurement tracking chambers: Monitored
Drift Tubes (MDT’s), Cathode Strip Chambers (CSC’s) and Resistive Plate Chambers
(RPC’s). This drift tubes cover almost all of the pseudorapidity range. The CSC’s are
gas-filled with wires intersected with metallic strips which gives the muon 2D co-
ordinates. These strip chambers cover the range of 2 < |η| < 2.7. T The RPC’s are
located in the barrel and Thin Gap Chambers (TGC’s) used in the end-cap regions,
covers the |η| < 2.4 region.
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FIGURE 5.5: The Muon system [81].

5.2.4 Trigger system in ATLAS

Trigger system decides the which event can be kept or removed for the further anal-
ysis. In order to do, this trigger system uses the given information of the bunch-
crossing interaction. The collision rate at the LHC is 40 MHz. The trigger system
of the ATLAS experiment has two levels [81, 82]. The first level is hardware-based
Level-1 trigger and second level is software based high-level trigger referred to as
HLT. The Level-1 trigger uses the information from coarse granularity of calorime-
ter and muon spectrometer. This input information determines the region of interest
(RoIs) in the detector. The RoI is the information of η and φ coordinates. The deci-
sion time of the first level trigger is approximately 2.5 µs and it reduces the trigger
rate by 100 kHz. The next level, the HLT uses full granularity information. This level
reduces the trigger rate by approximately 1 kHz with 200 ms decision time. The Fig.

FIGURE 5.6: Trigger operation in 2018 at ATLAS experiment. Average
pp data recording rate in September 2018 [83].

5.6 shows the average recording rate in 2018 of ATLAS trigger operation.
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5.2.5 Data taking in Run 2

The ATLAS experiment collected data of proton-proton collision between the period
of 2015-2018 referred as to LHC Run 2. During the data taking in Run 2, center of
mass-energy was 13 TeV with integrated luminosity of 139 fb−1 with an uncertainty
of 2.4 fb−1 [84]. Integrated luminosity during Run 2 summarized in table 5.2. In the

Data sample 2015 + 2016 2017 2018 Combined
Lint [fb−1] 36.2 44.3 58.5 139.0

Total uncertainty [fb−1] 0.8 1.0 1.2 2.4
Relative uncertainty [%] 2.1 2.4 2.0 1.7

TABLE 5.2: Integrated luminosity after data quality requirements of
Run 2 with

√
s = 13 TeV in pp collisions [84]

left plot of Fig. 5.7 shows the total integrated luminosity versus years and right side

FIGURE 5.7: The integrated luminosity in 2015-2018 [85, 86].

plot indicates the data efficiency in function of luminosity in
√

s = 13 TeV at the
ATLAS detector.
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Chapter 6

Reconstruction and Identification
of Physics Objects

A reconstruction and an identification of physics objects are necessary for particles
detected by ATLAS detector during proton-proton collisions. This chapter will dis-
cuss the reconstruction and identification of electrons, muons, jets, hadronically de-
caying τ-leptons, and missing transverse energy. These definitions are important
for selecting a H→ τlepτhad event with two jets. In addition, the trigger selection is
briefly discussed.

6.1 Tracks and Vertices

Trajectories of charged particles are measured by the inner detector (ID) of the AT-
LAS experiment [87, 88]. In the inner detector, the magnetic field curves the tra-
jectories and the momentum is proportional to the curvature. The inner detector is
responsible for measuring the momentum of charged particles and the determina-
tion of primary and secondary vertices of the charged particles. In order to recon-
struct the tracks and vertices of the charged particles, the subdetector: Pixel Detec-
tor, Semiconductor Tracker (SCT), and Transition Radiation Tracker (TRT) are used.
Tracks reconstruction is based on the "hit" in the sub-tracking layers in the inner
detector. This hit refers to the three-dimensional space-point measurements in the
detector. Track reconstruction uses a pattern recognition algorithm. Reconstructed
tracks have to fulfill quality criteria in order to reject misidentified tracks or badly
measured tracks.

Furthermore, vertices of the interactions are reconstructed from the tracks [89].
Multiple vertices are reconstructed per collision since multiple protons interact. The-
refore, the primary vertex is reconstructed by tracks with the highest sum of squared
transverse momenta.

6.2 Electron

Reconstruction of the electrons is based on the combined information of energy de-
position in the electromagnetic calorimeter and charged track information in the in-
ner detector. Electron candidates are reconstructed in the central region |η| < 2.47 of
the ATLAS detector with transverse momentum pT > 15 GeV and with the medium
identification criterion. In principle, the electron candidates are loose, medium, and
tight, which are based on a likelihood identification [90]. To avoid bad identification
and bad reconstruction performance, the transition region between the calorimeters,
1.37 < |η| < 1.52 is excluded. Electrons within a distance of ∆R between 0.2 and
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0.4 of a jet are excluded. Reconstructing electrons with high efficiency and isolating
from other particles are important. The efficiencies of the reconstruction and identi-
fication of the electron candidates can be calculated from the tag and probe method
using Z→ ee, J/ψ → ee. The efficiency of the reconstructed electrons is in the range
of 96 %− 99%.

6.3 Muon

The muons leave a clear distinctive signature in the detector with minimum energy
loss [91, 92]. Tracks of the muon are measured in the inner detector, and in muon
spectrometry (MS). Muons are initially reconstructed separately in the ID and MS,
then later combined. The hit pattern is used for reconstruction in MS. A track can-
didates fitted to all formed segments in the muon chamber. Furthermore, tracks
need to fulfill the selection criteria. Muons are selected with transverse momentum
greater than 10 GeV and with pseudorapidity |η| < 2.5 with medium identifica-
tion. The quality criteria mostly suppress the pion and kaon decays. In addition,
muons are identified as a loose, medium, tight, and high-pT muons. The identifica-
tion of the loose muons has a high reconstruction efficiency with good quality tracks.
The medium muons have minimum systematic uncertainties from its reconstruction
and its calibration. Moreover, tight identification has a low reconstruction efficiency
but with maximum purity. Another identification algorithm is the high-pT muons,
which has a maximum momentum resolution for pT > 100 GeV. Efficiencies of the
reconstruction and identification algorithm can be estimated from the tag-and-probe
method using Z→ µµ and J/ψ → µµ events. The reconstruction and identification
efficiencies of the muon is almost 99 %. Muon candidates are neglected when muon
and jets distance is ∆R < 0.4.

6.4 Jets

According to color confinement of the quantum chromodynamics (QCD), quarks
and gluons are confined in hadrons. In the detector, quarks and gluons are hadroniz-
ed and create a spray of colorless hadrons, which are called jets. Reconstruction of
the jets is performed using the anti-kt algorithm based on a topological cluster of the
electromagnetic and hadronic calorimeter. Jets are reconstructed with a radius of 0.4
and transverse momentum greater than 20 GeV with |η| < 4.9. The jets arising from
the pileup with pT < 50 GeV and |η| < 2.4 suppressed by an algorithm called Jet
Vertex Tagger (JVT) [93, 94]. While forward JVT algorithm rejects the pileup jets in
the forward region with pT < 50 GeV and |η| > 2.5.

Jets initiated from bottom quark is called b-jets. This b-jets can be identified
by flavor-tagging methods [95, 96]. The b-flavored hadrons have a long lifetime
compared to other hadrons. Therefore its decay creates a secondary vertex separated
from the primary vertex. This secondary vertex can be reconstructed using the track
information of the particles within the jet. With a multivariate analysis, b-jets can
be tagged in a range of |η| < 2.5. The efficiency of b-jets selection is 85 %. Tagging
and vetoing the b-jets is essential for this analysis to reduce the background events
from top quark, because top quark decay almost in 100 % of the cases to b-quarks.
Also, b-jets are not taken into account when distance of ∆R = 0.2 between jets and
electons.
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6.5 Hadronic Tau

The τ-lepton can decay leptonically and hadronically. The visible part of leptonically
decaying τ-lepton can be reconstructed and identified as an electron or muon. The
visible decay of the hadronically decaying τ-lepton (τhad-vis) is reconstructed from
jets [97]. Hadronically decaying τ-leptons often called a 1-prong or 3-prong, which
depend on the associated number of tracks. The visible decay of the hadronically
decaying τ-lepton is reconstructed with pT > 20 GeV with |η| < 2.47. The transition
region between the barrel and end cap of the calorimeter with 1.37 < |η| < 1.51 is
excluded due to poor reconstruction and identification performance. In this anal-
ysis, τhad-vis is selected with medium identification, which is based on the Boosted
decision tree method. This method is used to distinguish jets which originates from
quark and gluons. In addition, τ-leptons are ignored when they have angular dis-
tance of ∆R = 0.2 to jets. Furthermore, the efficiency of the reconstruction and
identification of the hadronically decaying τ-leptons are estimated from the tag-and-
probe method, which is based on Z→ ττ events. Also, in order to reject electron
misidentified as a hadronically decaying τ-leptons, 1-prong τhad-vis is selected. The
efficiencies are 55 % for the 1-prong, and 40 % for the 3-prong hadronically decaying
τ-lepton candidates.

6.6 Missing Transverse Energy

Invisible particles in the detector from the proton-proton collisions are measured as a
missing transverse energy [98]. This missing transverse momentum can be obtained
from the vector sum of the transverse momentum of the reconstructed particles. And
it defined by

Emiss
T = Emiss,e

T + Emiss,γ
T + Emiss,τhad

T + Emiss,µ
T + Emiss,jet

T + Emiss,soft
T , (6.1)

Emiss
T =

√
(Emiss

x )2 + (Emiss
y )2,

where Emiss,object
T = −∑ pobject

T .
The energy and momentum of the initial state particles are not accessible along

the beam axis. This transverse momentum of the final state particles is equal to
zero from the energy and momentum conservation. Reconstruction of the missing
transverse energy contains the hard objects term and soft term. The hard term is
reconstructed from electrons, muons, photons, τ-leptons and jets. Moreover, the
soft term defines the reconstruction of a charged particle along with hard scattering
vertices.

6.7 Trigger Selection

In the ATLAS experiment, hardware-based first level trigger and software-based
High-Level Trigger (HLT) are used as discussed in Sec. 5.2.4. This analysis uses
the Higgs boson production in gluon fusion associated with two jets. The subse-
quent decay of the Higgs boson is one hadronically decaying τ-lepton and one lep-
tonically decaying τ-lepton. Therefore, single lepton triggers are used [99]. For the
events collected from pp collision in 2015, single-electron channel uses the trigger
HLT_e24_lhmedium_L1EM20VH with transverse momentum of electron pT > 25 GeV.
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The single muon channel uses the trigger HLT_mu20_iloose_L1MU15 with trans-
verse momentum of muon pT > 21 GeV.

For the 2016 events from pp collisions, single electron channel uses the trig-
ger HLT_e26_lhtight_nod0_ivarloose with electron tranverse momentum pT > 27
GeV.

The single muon channel uses the trigger HLT_mu26_ivarmediumwith muon trans-
verse momentum pT > 27.3 GeV. Table 6.1 summarizes the requirements for trans-
verse momentum of the light leptons at trigger level for Run 2.

2017 and 2018 events from pp collisions use the same trigger selection for light
leptons as described as 2016 events.

Trigger pmin
T [GeV]

2015 2016-2018
Single electron 25 27
Single muon 21 27.3

TABLE 6.1: One lepton trigger selection for light leptons [99].
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Chapter 7

Event selection

To select the signal process, one needs to apply the selection criteria to the simulated
and observed data. Therefore, this chapter will focus on the primary selection crite-
ria, main techniques to reconstruct the invariant mass, and multivariate analysis for
signal and background separation.

7.1 Reconstruction of di-tau invariant mass

To reconstruct the invariant mass of the di-tau system is the important method be-
cause this variable is useful to distinguish signal and background. The signal process
is the Higgs production in gluon fusion associated with jets, ggF H+2 jets. And the
subsequent decay of the Higgs boson is one hadronically decay and one leptonically
decaying τ-leptons. It is difficult to reconstruct the mass of di-tau-system due to
the three neutrinos arising from their decay products. Neutrinos are invisible in the
detector, therefore missing transverse energy is used from the detector. Here, two
techniques for the reconstruction of the invariant mass of the di-tau final states will
be briefly presented.

7.1.1 Collinear mass approximation

The collinear approximation is proposed to reconstruct the invariant mass of the
Higgs boson decay to a pair of τ-leptons [100]. This method assumes that the neutri-
nos are collinear to the visible decay products of the τ-leptons. Neutrinos are invis-
ible to the detector; therefore, the invisible momentum in τ-decay can be calculated
via

Emiss
Tx

= pmiss1 sin θvis1 cos φvis1 + pmiss2 sin θvis2 cos φvis2 (7.1)

Emiss
Ty

= pmiss1 sin θvis1 cos φvis1 + pmiss2 sin θvis2 cos φvis2 ,

where Emiss
Tx

, Emiss
Ty

are x, y component of the missing transverse energy and pmiss1 ,
pmiss2 are momentum of the neutrinos. Whereas θvis, φvis are the polar and azimuthal
angle of the visible decay products of τ-lepton. The invariant mass of di-tau system,
which neglecting the masses of τ-lepton, light leptons and pions, can be calculated
as

M coll
ττ =

mvis

x1x2
, (7.2)

where mvis is the invariant mass of the visible τ-lepton decay products, i.e., electron
or muon and hadronically decaying τ-lepton and x1,2 is the momentum fractions are
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carried by visible decay products in τ-lepton. Then momentum fractions defined as

x1,2 =
pvis1,2

pvis1,2 + pmiss1,2

. (7.3)

This collinear approximation technique can reconstruct the mass of the di-tau sys-
tem; however, it suffers from the back-to-back topology of the decay products of the
τ-leptons. Most of the decay products of the τ-leptons are decaying back-to-back,
and it causes the Eq. 7.1 tend to be degenerate. When φvis1 = φvis2 + π ⇒ pmiss1,2 ∼
sin−1(φvis1 − φvis2). And it diverges to |φvis1 − φvis2 | → π.

Also, in this analysis, invariant mass of di-tau system is reconstructed by the
Missing Mass Calculator (MMC). And the detailed information of this method can
be found on [101].

7.2 Event Preselection

Event preselection is the first step to suppress the background and select the sig-
nal events. Firstly, there are data quality requirements applied. In the following,
selection criteria [102] for the events are listed.

1. Truth matching: This criterion only applied to the Monte Carlo simulated
event samples. Jets are misidentified as a hadronically decaying τ-leptons.
Hadronically decaying τ-leptons are matched to the truth τ-leptons. There-
fore, background of jets misidentified as τhad is suppressed in the simulated
events. Hence, this fake backgrounds are estimated using the data-driven
method [103].

2. Primary vertex: It is selected to be a minimum one primary vertex with two
associated tracks. Furthermore, associated tracks transverse momentum has
to fulfill pT > 0.5 GeV.

3. Momentum fraction: Momentum fractions carried by visible decay products
of di-tau system are x1, x2. This momentum fractions have to fulfill 0.1 < x1 <
1.4 and 0.1 < x2 < 1.2. This selection criteria removes the event with invisible
tau decay and suppress the event with mismatched missing transverse energy
to the decay of τ-leptons. Momentum fractions are calculated via the collinear
mass approximation method as described in 7.1.1

4. Angular variables: The angular distance between visible decay products of
the leptonically decaying and hadronically decaying τ-leptons has to fulfill
∆Rττ < 2.5 and ∆ηττ < 1.5 GeV. This selection suppresses the non-resonant
background.

5. Missing transverse energy: The missing transverse energy has to fulfill Emiss
T >

20 GeV. This selection criterion removes events without neutrino.

6. Trigger selection: Depending on the data taking period and flavor of the par-
ticles, one needs to apply different trigger selection. The trigger selection has
already been discussed in 6.7. In brief, the single lepton trigger is used with
light lepton (e/µ) with pT > 27 GeV and |η| < 2.47. Additionally, hadron-
ically decaying τ-lepton with pT > 30 GeV and |η| < 2.47. Further, visible
decay part of the hadronically decaying τ-lepton is denoted as τvis

had.
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7. Tau selection and opposite charge: Final state τ-leptons have to be the oppo-
site charge, in order to conserve the charge of the Higgs boson. Moreover, τlep
selected as gradient isolated and, both τ-leptons fulfills the medium identifi-
cation criteria (above mentioned variables value in trigger selection).

8. b-jet veto: b-jets are identified by flavour tagging method. The b-jets are re-
moved in order to suppress the backgrounds of a pair of top-quark and single
top quark productions. Efficiency of rejecting the b-jets is 85 %.

9. Two jets: Events with a minimum of two jets in the final state are required.
The leading (subleading) jet transverse momentum has to fulfill pj1

T > 40(30)
GeV.

10. Transverse mass: The transverse mass reconstructed from the light lepton and
missing transverse momentum. Here, light lepton is the visible decay part of
the leptonically decaying τ-lepton and it is denoted τvis

lep . This transverse mass
mT < 70 GeV is selected. This criterion reduces the background contribution
from W+jets production.

11. MMC mass: Invariant mass of the final state particle reconstructed using the
MMC method. Events are removed when algorithm does not converge.

The above-listed selection criteria suppress the backgrounds and increase the sensi-
tivity of the signal for the test of CP-invariance. The distribution of some variables
used in preselection are shown in Fig. 7.1. Fig. 7.1e is shown the invariant mass
distribution of the di-tau system reconstructed by the MMC technique after all pres-
election criteria applied. Table. 7.1 shows the event yield of the respective processes
after selection criteria (11) at

√
s = 13 TeV with L = 139 fb−1. The CP-sensitive

observables distributions are shown in Fig. 7.2 after preselection criteria.

Process Event yield
ggF H+2 jets, H→ τlepτhad 587.54± 3.62
VBFH, H→ τlepτhad 199.59± 0.58
VH, H→ τlepτhad 58.37± 0.67
Z→ τlepτhad 28 108.07± 123.71
Z→ `` 2468.79± 117.44
Top 1219.82± 14.61
Diboson 920.01± 6.59
Fakes 12 165.50± 41.64

∑ bkg 45 140.15± 176.32
Data 45 617.00± 213.58
s/b 0.01± 0.00
s/
√

s+b 2.76± 0.02

TABLE 7.1: Summary of the event yield after preselection criteria (11)
for simulated samples and observed data at

√
s = 13 TeV with L =

139 fb−1. Here are only statistical uncertainties are considered.

The dominant background is Z/γ∗ → ττ, and it contributes 62 % of the total
background. Furthermore, fakes background contributes 27 %, and Z→ `` con-
tributes 6% of the total background. The data and simulation model have a good
agreement. The signal and background ratio is s/b = 0.013 and further separation
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of signal and background are required. The next step to suppress the background is
the Boosted Decision Tree method which is multivariate analysis.
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(a) Missing transverse energy distribution after
selection criteria (6)
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(b) The visible di-tau mass distribution after se-
lection criteria (7)
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(c) The angular distance between jets distribu-
tion after selection criteria (8)
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(d) The transverse mass distribution after selec-
tion criteria (9)
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(e) The invariant mass of the Higgs boson after
selection criteria (10)

FIGURE 7.1: Distribution of variables used in the preselection for sig-
nal and background processes. Only statistical uncertainty is consid-
ered. In all figures, notation SM (stat) represents the statistical uncer-

tainties of the background.
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(a) The distribution of the signed azimuthal angle
between jets after selection criteria (11)
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(b) The distribution of the azimuthal angle be-
tween jets ordered by η after selection criteria (11)
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(c) The distribution of the Optimal Observable af-
ter selection criteria (11)

FIGURE 7.2: The distribution of CP-sensitive observables: (a) ∆Φsign
jj ,

(b) ∆Φordered
jj , (c) OO after selection criteria (11) are shown. Here

only statistical uncertainties are considered. In all figures, notation
SM (stat) represents the statistical uncertainties of the background.
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7.3 Multivariate Analysis

The suppression of the background contribution based on the event preselection is
not sufficient. In order to enhance the the signal-to-background ratio, a multivariate
analysis technique is applied. The reasons to use multivariate analysis are corre-
lations between observables in the signal and background are not visible by just
defining the threshold values on the variables. Another reason is that the multi-
variate analysis combines several individual input variables into a single output for
discrimination.

This analysis uses the method of Boosted Decision Trees (BDT) for separating
signal and background. The BDT training is one of the analyzing tools based on the
Toolkit for Multivariate Data Analysis (TMVA) package [104].

The following sections introduce the basic concept and performance of the BDT
training. Finally, the signal region is defined based on the BDT output.

7.3.1 Boosted Decision Tree method

The Boosted Decision Tree (BDT) is an algorithm based on binary response for clas-
sifying signal and the background events. This machine learning technique uses
diverse input variables to split the event sample to signal and background events.
The schematic view of a single decision tree is shown in Fig. 7.3. The set of con-

FIGURE 7.3: The schematic diagram of a Decision Tree [104] is illus-
trated. Defining the threshold value c1 of the input variable xi, to split
the signal and background events. This splitting recursively contin-
ues until a consecutive set of nodes are fulfilled. The leaf nodes, B is

the background, and S is the signal.

secutive nodes are asking the threshold values for each input variables to make a
decision. The final verdict is called the leaf node, and splitting stops after fulfilling
the criteria for the maximum number of nodes. This separation of the events decided
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by so-called Gini-index, and it is defined as,

G = p(1− p), (7.4)

where p is the purity of the node, which is the number of signal events divided by the
sum of all events in the corresponding nodes. The values of the purity lie between
zero and one, which indicates the mixedness of the signal and background samples.
The BDT separation power depends on the combination of hundreds of simple deci-
sion tree called a forest. The forest can be achieved by boosting algorithm. The idea
of the boosting method is applying an event weight for each training sample in the
tree which depends on the decision of previous tree. The Boosting algorithm in the
tree stabilizes the statistical fluctuations of the classifier and improves the separation
power. In this analysis the Gradient Boost algorithm [105] is used.

The optimization of classification of signal and background events and the boost-
ing technique are usually called the BDT training. During the BDT training, statisti-
cal fluctuations can occur in the decision tree. This is referred as to overtraining. In
general, the BDT training tends to be overtrained. The overtraining can be detected
by splitting the input samples in training and samples. However, this reduces the
available statistics of the samples by a half. The solution of this problem is the cross
validation method. This analysis uses five fold cross validation in order to increase
the event statistics, which will be discussed in the Sec. 7.3.2.

Tuning hyper parameters of the BDT training can obtain optimization of the dis-
crimination of the signal and background. The definitions of the parameters for
configuration are summarised in the Table 7.2. This table shows the hyper parame-
ter values used in this analysis. These hyper parameters are optimized in order to
reduce the overtraining of the BDT and to obtain good separation between signal
and backgrounds. The final result of the forest is called BDT output or BDT score.

Parameters Description Value in the BDT
NTrees The number of decision tree 250

MinNodeSize
Minimum number of events

1%in each final node (in percent
of the total amount of events)

Max Depth
Maximum allowed depth

5
of the decision tree

nCut
The number of steps during the

20
node threshold optimization

BoostType Boosting type for trees in the forest Gradient Boost

Shrinkage
Learning rate for

0.1
boosting algorithm

Separation type
Defines the splitting

GiniIndex
of signal and background

IgnoreNegWeights Prevents the bias in the result True

TABLE 7.2: Configuration of hyper parameters for the BDT training
are described as well as values used for training the BDT [104].

The output of the BDT events is weighted by the normalized boosted weight in each
decision tree. The BDT output distribution ranges between -1 and 1. Negative values
are background-like and positive values are signal-like.
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Input variables Definitions BDTbkg BDTVBF

mMMC Invariant mass of the Higgs boson recon-
structed by MMC technique

×

∆Rττ ∆R distance between visible decay prod-
ucts in hadronically and leptonically de-
caying τ-leptons

×

mcoll
ττ Invariant mass of the Higgs boson recon-

structed by collinear approximation
×

mvis
ττ Invariant mass of visible decay products

mass in the τ-leptons
×

∆ητvis
lep ,j1 η-separation between light lepton and

leading jets
× ×

mHj1 Invariant mass of the Higgs boson with
leading jet

× ×

∆ητvis
lep ,j2 η-separation between light lepton and

subleading jet
× ×

∆Rmin
τvis

lep ,j1
Minimum ∆R distance between light lep-
ton and leading jet

× ×

∆Rmin
τvis

had,j1
Minimum ∆R distance between hadroni-
cally decaying τ-lepton and leading jet

× ×

Emiss
T The missing transverse energy ×

pH
T The momenta of the Higgs boson recon-

structed by visible and invisible decay
products in τ-leptons

×

p
τvis

lep
T /pτvis

had
T Transverse momentum ratio between

light lepton and hadronically decaying τ-
lepton

×

mT Transverse mass reconstructed via light
lepton and missing transverse energy

×

∑scal pT Scalar sum of the momenta of visible de-
cay of di-tau tau and jets

×

mjj Invariant mass of the two leading jets ×
∆Rjj Distance ∆R between two leading jets ×
ptotal

T The vector sum of the transverse mo-
menta of the visible tau decay products
with two leading jets, and Emiss

T

×

ηj1 × ηj2 η-product of the two leading jets ×
Cη1η2(ητvis

lep
) Lepton centrality quantifies the η position

of light lepton with respect to the two
leading jets in the event

×

Emiss
T φ centrality This variable quantifies the relative angu-

lar position of the missing transverse mo-
mentum with respect to the visible tau de-
cay products in the transverse plane.

×

TABLE 7.3: Discriminating variables used in the BDT training. Defi-
nitions of the variables are given and the cross symbol (×) indicates

which variables are used in the two BDTs.
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7.3.2 Performance of the BDT training

As discussed in the previous section, event samples are divided internally in the
MVA by training and test samples. It reduces the available event statistics, but it is
useful to detect overtraining. The BDT training can increase the event statistics by
using the method of k-fold cross validation. In this analysis, five-fold cross valida-
tion is used for BDT training.Further, it refers to BDT f1, BDT f2, BDT f3, BDT f4, and
BDT f5. Each training classified as training and test samples and they are statistically
independent.

For the BDT training, the signal sample ggF H+2 jets are produced at NLO in
QCD, as discussed in Chapter 3. In the NLO order Monte Carlo simulation, some
events have a negative event weight in particular phase space regions. The events
with negative weight are ignored during the BDT training.

To separate the signal and backgrounds events, two different BDTs are trained
and used in this analysis. The first BDT training is referred to as BDTbkg, which is
trained to separate the signal processes ggF H+2 jets from all background processes.
The BDT training uses the input variables for classification. The 15 input variables
are used for BDTbkg. Variables are chosen based on their separation power of the
background and signal. For the BDT training, there are no CP- sensitive variables
are included. The definition of the input variables is described in the Table 7.3 and
corresponding distributions are shown in the Fig. 7.4; 7.5; 7.6. The importance of the

Rank Variable Importance
1 mMMC 0.14
2 mcoll

ττ 0.11
3 mvis

ττ 0.09
4 ∆Rττ 0.08
5 mT 0.06
6 ∆ητvis

lep ,j1 0.06

7 pH
T 0.06

8 ∆ητvis
lep ,j2 0.06

9 ∆Rmin
`,j1

0.06
10 Emiss

T 0.05
11 Emiss

T φ centrality 0.05
12 ∆Rmin

τvis
had,j1

0.05

13 ∑scal pT 0.05

14 p
τvis

lep
T /pτvis

had
T 0.05

15 mHj1 0.04

(a)

Rank Variable Importance
1 mjj 0.15
2 ∆Rjj 0.14
3 ptotal

T 0.12
4 ηj1 × ηj2 0.10
5 Cη1η2(ητvis

lep
) 0.09

6 ∆ητvis
lep ,j1 0.08

7 mHj1 0.08
8 ∆ητvis

lep ,j2 0.08

9 ∆Rmin
τvis

lep ,j1
0.07

10 ∆Rmin
τvis

had,j1
0.06

(b)

TABLE 7.4: Input variables for discrimination of signal and back-
ground in each BDT training. Table 7.4a shows the rank of the vari-
ables for BDTbkg training. And Table 7.4b shows the rank of the input

variables for BDTVBF training.

variables is quantified by how often those variables are used to split the background
and signal and they are listed in the Table 7.4. From the table, mass distributions:
mMMC, mcoll

ττ , and mvis
ττ ranked high but they are highly correlated to each other. Ad-

ditionally, the variables ∆Rττ and mT have a good separation power. As discussed
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before, the performance of the BDT training can be improved by tuning the configu-
ration parameters as listed in Table 7.2. The performance of the overall BDT training
can be illustrated by the Receiver Operating Characteristic (ROC) curve. This curve
shows the background rejection (1-signal efficiency) as a function of the signal ef-
ficiency. The ROC curve of the BDTbkg performance are shown in Fig. 7.7. From
the figure, it is visible that there are no significant deviations between BDT f1, BDT
f2, BDT f3, BDT f4, and BDT f5. This means overtraining is not observed during
the BDT training. The result of the BDTbkg output is shown in Fig. 7.8a. A good
separation is obtained between signal and non-Higgs boson backgrounds.

However, the Higgs boson productions via VBFH, VH, H→ τlepτhad are classi-
fied as signal events. Therefore, suppression of the VBFH background is crucial.
Because VBFH contributed as a 34 % to the signal events (ggF H+2 jets) after pres-
election criteria. The event statistics of the VH background are small; therefore, in
additional suppression of this background is not necessary. For this reason, the sec-
ond BDT training is performed in order to discriminate ggF H+2 jets events from
VBFH events. This will be referred as a BDTVBF training. In this BDTVBF training,
10 input variables are used. The definition of those variables are in the Table. 7.3.
The importance of variables for BDTVBF are shown in Table. 7.4b. The distributions
of variables, mjj, ∆Rjj are ranked high. They exploit the VBF event topology. Also,
ptotal

T and the product of two leading jets pseudorapidity have a good seperation
power. The performance of the BDTVBF is shown in the Fig. 7.7. No overtraining
is observed according to the ROC curve. The BDTVBF output is shown in Fig. 7.8a;
good discrimination between signal and VBFH events is achieved.
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FIGURE 7.4: Distribution of discriminating variables used in the BDT
training process. Only statistical uncertainties are shown.
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FIGURE 7.5: Distribution of discriminating variables used in the BDT
training process. Only statistical uncertainties are shown.
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FIGURE 7.6: Distribution of discriminating variables used in the BDT
training process. Only statistical uncertainties are shown.
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FIGURE 7.7: ROC curve for both BDT trainings on the left
side (a) for BDTbkg and on the right side (b) for BDTVBF; and

BDTbkg, VBF f1, 2, 3, 4, 5 are described in the text.
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FIGURE 7.8: Distributions of the BDT outputfor signal and back-
ground processes: (a) BDTbkg and (b) BDTVBF. Only statistical uncer-
tainties are shown.The lower panel shows in (a) signal significance

(s/
√

s+b) after BDT training.
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7.3.3 Signal Region Definition

After the preselection criteria, the signal to the background ratio is 0.013, and the
significance defined as s/

√
s+b corresponds to 2.76± 0.02. In order to achieve higher

sensitivity to probe anomalous couplings in the signal process, the BDT method is
used. Selecting signal events by cutting on the BDT scores, allows to increase the
signal-to-background ratio.
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FIGURE 7.9: Correlations between the BDTbkg and BDTVBF output
for (a) signal process, (b) VBF Higgs boson production, (c) all other

backgrounds are shown.

Fig. 7.9 shows the correlation between two BDT trainings: BDTbkg and BDTVBF.
The signal ggF H+2 jets is classified as a signal for both BDT training. The VBFH,
H→ ττ background shows the correlations are depicted in the right bottom corner
of Fig. 7.9b. Furthermore, the sum of backgrounds without VBFH is shown in Fig.
7.9c and correlation is illustrated in the left top corner of the plot. The optimal cut
values on BDTbkg and BDTVBF are found by maximizing the signal-to-background
ratio. The BDTbkg output is scanned between 0.6 and 0.8 in step of 0.02. While,
BDTbkg is scanned between -0.5 and 0.0 in step of 0.1. The reason is the significance
is dropped at 0.9 of the BDTbkg as shown in Fig. 7.8a. The maximum signal to
background ratio is obtained as 0.187± 0.005 with the significance of 4.52± 0.08 at
the BDTbkg > 0.8 while BDTVBF > −0.4. Before the BDT cut, VBFH background
events are 34 % of the whole signal. After the BDT cut, VBFH events are 13 % of
the whole signal. The signal is reduced by 80 %, and VBFH is reduced by 92 % after
BDT selection. Moreover, 98.6 % of the background of the whole is reduced by this
BDT selection. The expected event yield for signal and background are shown in the
Table. 7.5.

The dominant background contributions are Z/γ∗ → ττ with 48 %, and fake
background with 32 %. The distributions of the CP-sensitive observables are shown



7.3. Multivariate Analysis 75

Process Event yield
ggF H+2 jets, H→ τlepτhad 115.92± 1.61
VBFH, H→ τlepτhad 15.39± 0.16
VH, H→ τlepτhad 12.98± 0.32
Z→ τlepτhad 296.32± 14.04
Z→ `` 33.50± 5.56
Top 37.69± 2.55
Diboson 25.26± 0.73
Fakes 199.74± 4.82

∑ bkg 620.87± 16.07
Data 723.00± 26.89
s/b 0.19± 0.01
s/
√

s + b 4.52± 0.08

TABLE 7.5: Summary of the event yield of the high BDT signal region
for simulated samples and observed data at

√
s = 13 TeV with L =

139 fb−1. Only statistical uncertainties are shown.

in Fig. 7.10.
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FIGURE 7.10: CP-sensitive observable distributions: (a) ∆Φsign
jj (b)

∆Φordered
jj (c) Optimal Observable in the signal region with statistical

uncertainties at
√

s = 13 TeV with L = 139fb−1.
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Chapter 8

Statistical Analysis and Results

In order to determine the sensitivity of the analysis to effective anomalous couplings
of ggF H+2 jets the decay H→ τlepτhad is used. As discussed in the previous chap-
ters, the sensitivity to the effective coupling is exploited analyzing different CP-odd
observables: the Optimal Observable, ∆Φsign

jj and ∆Φordered
jj . A profile likelihood fit is

used to determinate the sensitivity and to derive expected and observed confidence
intervals on tan α.

This chapter gives an overview of the profile likelihood fit function, which is
used in this analysis. Furthermore, the fitting procedure is explained and the ex-
pected and observed results are presented.

8.1 Likelihood Function

A fit in the CP-odd observable distributions is performed using the profile likelihood
method. This method includes signal strength and background normalization fac-
tors as free fit parameters. The signal strength µsig is the cross section ratio between
the observed signal events and SM expectation. The likelihood fit is implemented
in the software framework called TRExFitter. This software framework includes the
HistFactory tool [106].

The likelihood function also includes so-called nuisance parameters (θ). These
parameters are included to account for the impact of systematic uncertainties on the
predicted signal and background yields. The likelihood function [107, 108], which is
maximized to find the best parameter values, is given by,

L(n, θ0|µsig, tan α, b, θ) = ∏
i∈SR

P(ni|λi(µsig, tan α, b, θ))

× ∏
i∈CR

P(ni|λi(µsig, tan α, b, θ)) (8.1)

× Csyst(θ
0, θ),

where P(ni|λi(µsig, tan α, b, θ)) is the Poisson distribution, which gives the prob-
ability to find the number of observed events ni. Index i runs over all bins for
each observables distributions in the signal (SR) and control regions (CR). Here,
λi(µsig, tan α, b, θ) = µsig · si(θ, tan α) + bi(θ), where s and b is expected event yield
of signal and background events in bin i, and parameter of interest (POI) is the tan α.
The si depends on the tan α, and ∑ si is fixed to the SM value. And the b is the nor-
malization factors for the background. The bold symbol indicates the several nui-
sance parameters are in the fit. In this analysis, normalization factor for Z → ττ
background is used. The last term of Eq. 8.1 describes systematic uncertainties
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which are constrained by the Gaussian function. It can be written as,

Csyst(θ
0, θ) = ∏

j∈S
G(θ0

j − θj), (8.2)

where G(θ0
j − θj) is the Gaussian function with in unit width and index j is runs

over all systematic uncertainties (S). Here, θ0
j is the nominal value of the systematic

uncertainty. And θj symbolizes the fitted parameter of the systematic uncertainties.
The systematic uncertainties are initially uncorrelated to each other in the likelihood
function but their correlations are determined in the process of the fit.

This analysis uses the negative logarithmic likelihood function and it can be writ-
ten as

NLLmin = min{− ln L(µsig, tan α, θ)} = ln L(µ̂sig, ˆtan α, θ̂), (8.3)

where µ̂sig, ˆtan α, θ̂ are the best fit values, which are obtained from minimizing the
negative logarithm of the likelihood function.

8.1.1 Nuisance parameters

In this analysis, the simplified systematic uncertainties are used based on [102]. As
described earlier, expected event yields of signal and background depend on the
nuisance parameters. In this analysis, following simplified systematic uncertainties
are considered. All nuisance parameters are constrained by Gaussian function.

• Luminosity: The integrated luminosity uncertainty is ±2.9 % for the data tak-
ing in Run 2.

• Jet Energy Scale (JES): This uncertainties applied to the signal and backgrounds.
JES uncertainties have impact on signal events with up 0.4 % and downward
0.5% fluctuation. And impact on background events for Z → ττ with 2.8
%/-3.4 %, for Z → `` with 4.3 %/-3.2 %, for top quark background with -
4.1 %/4.5 % and for the other backgrounds with 0.9 %/-1.3 % in respective
up/downward fluctuations.

• Tau Energy Scale (TES): The impact on this uncertainties to the signal ggF H+2
jets is up 1.3 % and downward 0.7 %. And the up/downwards fluctuations for
the backgrounds are Z → ττ with ±2.2 %, top quark background with 2.3
%/-6.1 %, and for other backgrounds with ±1.7 %, respectively.

• Tau reconstruction and identification efficiency: Impact of this systematic un-
certainties for the signal is approximately ±6.5 %, for backgrounds are less
than 6.6 %.

• Normalization for the background: The uncertainty on the fake background
is 5 % and Z → `` is less than 10 % variation.

• MC statistical uncertainties: Monte Carlo statistical uncertainties gammas for
each bin of the signal and control region is taken into account to the nuisance
parameters.

• QCD scale uncertainty: The cross section uncertainties for the signal is up 16.4
% and for Z → ττ is up to 3.4 %.
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8.2 Fitting procedure

The strategy of this analysis is to determine the sensitivity to the effective couplings
of the Higgs boson to gluons by performing a profile likelihood fit to the CP-odd
observables. The likelihood fit is performed to the ∆Φsign

jj , ∆Φordered
jj , and Optimal

Observable distributions in the signal region. This signal region distributions are
shown in Fig. 8.1a; 8.1b; 8.1c, respectively. The signal region is defined by cutting
on the two different BDT outputs as discussed in Sec. 7.3.3. And the signal region
is defined as BDTbkg > 0.8 and BDTVBF > −0.4. The shape of CP-odd observables
is used in fitting procedure. Therefore, the binning of the observables are chosen to
contain as much information as possible as long as no bins have negative content
due to negative Monte Carlo weights. Because bins with the negative content are
unphysical.

And rest of the two BDT outputs (BDTbkg < 0.8 and BDTVBF < −0.4) are con-
sidered as a control region. The distribution of mMMC

H in control region is shown
in Fig. 8.2. This distribution of invariant mass of the Higgs boson calculated by
MMC method is used for the control region because it allows to discriminate be-
tween Z → ττ and H → ττ. This control region is defined in order to constrain the
background contribution from Z → ττ.

The SM ggF H+2 jets signal sample is reweighted for various tan α values as
described in Sec. 4.1. Likelihood fits for different tan α points use the templates for
all tan α values and continuous parameters that representing tangent in the fit. These
templates contain the histogram of the CP-odd observables for different tan α. Then
fit takes two nearest tan α histograms, which are correspond to the current value
of tan α being fitted. Furthermore, fit in a bin by bin does a linear interpolation of
the histograms. All other histograms that are too far from the current tan α value
are scaled to zero. In another word, the si(tan α) are obtained from the reweighting
method and that then a fit in tan α is performed. The si(tan α) from the reweighting
and fit is performed in tan α values.

The confidence intervals of [a, b] at 68.3 % confidence interval (CL) and [c, d] at
95 % CL are obtained from the conditions:

ln L( ˆtan α)− ln L(a/b) = −0.5, (8.4)
ln L( ˆtan α)− ln L(c/d) = −1.92.

In the fitting procedure, the signal strength µsig is left free floating and only the
shape of the observables are used. To determine the expected confidence intervals
for tan α an Asimov data is constructed. The Asimov dataset is constructed by the
SM expectation for signal in addition with background in the signal and control re-
gions. This CP analysis considers simplified systematic uncertainties according to
[102], which are listed in Sec. 8.1.1. The results will be compared between statistic
uncertainty only and including the effect of systematic uncertainties. This compari-
son shows by how much systematic uncertainties effect the final results. The event
yields with statistical and inclusion of systematic uncertainties for each observables
are summarized in Table 8.1 for the signal region, and in Table 8.2 for the control
region. The event yield for ∆Φsign

jj is decreased with respect to ∆Φordered
jj , OOdue to

requirement for the two tagging jets to be in different hemispheres.
The analysis uses the full Run 2 dataset to determine the observed sensitivity. A

detailed discussion of the results is in the following sections.
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(a) (b)

(c)

FIGURE 8.1: Prefit distributions of the (a) ∆Φsign
jj , (b) ∆Φordered

jj , (c)
Optimal Observable in the signal region with statistical and system-

atic uncertainties are shown.
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FIGURE 8.2: The prefit distribution of mMMC
H is shown in the control

region with statistical and systematic uncertainties.

Event yield in Signal region
∆Φsign

jj Uncertainty OO(∆Φordered
jj ) Uncertainty

Process stat. stat.+syst. stat. stat.+syst.
VH 2.70± 0.11± 0.29 12.98 ± 0.32± 1.24
Top 12.64± 0.50± 1.93 37.69 ± 2.55± 4.58
Z→ `` 13.54± 0.54± 3.49 33.50 ± 5.56± 7.33
Diboson 9.01± 0.33± 0.94 25.26 ± 0.73± 2.50
Z→ ττ 112.85± 3.70± 13.30 296.32 ± 14.04± 34.32
Fake 58.82± 2.15± 4.31 199.74 ± 4.82± 12.51
VBFH 6.95± 0.25± 0.65 15.39 ± 0.16± 1.43
ggF H+2 jets 39.27± 1.14± 1.14 121.30 ± 1.61± 3.52
Total 255.78± 10.68± 14.63 742.18 ± 16.16± 37.83

TABLE 8.1: Prefit event yields with statistic and with effect of system-
atic uncertainties of the analysis for CP-odd observables in the signal
region. Here simplified compatible systematic uncertainties are con-

sidered [102].
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Event yield in Control Region
Uncertainty

Process stat only syst + stat
VH 45.39± 0.77 ± 4.23
Top 1182.13± 17.71 ± 120.43
Z→ `` 2435.29± 41.82 ± 366.11
Diboson 894.76± 13.87 ± 85.11
Z→ ττ 27 811.80± 245.72 ± 2941.68
Fake 11 965.80± 181.96 ± 692.87
VBFH 184.20± 3.26 ± 17.02
ggF H+2 jets 893.65± 221.96 ± 25.92
Total 45 413.02± 380.82 ± 3048.00

TABLE 8.2: Prefit event yields with statistic and simplified compati-
ble systematic uncertainties [102] of the analysis for control region is

summarized.
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8.3 Results

The profile likelihood function as described in Eq. 8.4 is used to fit to the different
CP-odd observables. The negative profile likelihood allows to derive an exclusion
limits on the tan α value parametrizing the anomalous coupling between Higgs bo-
son and gluons. During the fit, the best fit value of signal strength µsig is also deter-
mined. These results are in general based on statistical uncertainty. As an additional
step simplified systematic uncertainties are considered to determine the impact on
the results. The expected results will be discussed in Sec. 8.3.1 using the Asimov
data set

8.3.1 Expected confidence intervals

The likelihood fit is first performed to the Asimov dataset in order to get expected
results for a SM signal hypothesis. Another purpose of this fit is to validate the fit
setup. Thus, in this fit, SM signal and background prediction in signal and control
regions is taken into account. With this, the signal strength and normalization factors
are expected to be one in the Asimov fit.
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FIGURE 8.3: Expected negative ∆ ln(L) curves as function of tan α
values defining the underlying signal hypothesis with simplified sys-
tematic uncertainties (blue) [102] and statistical uncertainty only (red)
for (a) ∆Φordered

jj (b) ∆Φsign
jj (c) Optimal Observable . The Asimov data

is constructed with signal strength of µsig = 1 and tan α = 0.
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Result for fits on Asimov dataset are shown in Fig. 8.3. Here, each ∆ ln(L) curves
are compared for the inclusion of systematic uncertainties and the statistical un-
certainties only. The minimum of ∆ ln(L) is obtained at tan α = 0 for all CP-odd
observables as predicted in the SM.

The best fit signal strength in tan α = 0 value for CP-odd observables with impact
of systematics is obtained. The signal strength µ̂sig = 1.00± 0.24 and normalization
factor b̂Zττ = 1.00 ± 0.11 for ∆Φordered

jj and for Optimal Observable are obtained,

whereas µ̂sig = 1.00± 0.33 and normalization factor b̂Zττ = 1.00± 0.10 for ∆Φsign
jj is

obtained.
As shown in Fig. 8.3a, fit to the ∆Φordered

jj with systematic uncertainties, curve
reaches a plateau of a −∆ ln(L) = 0.07. Whereas, fit result where considers only
statistical uncertainties, −∆ ln(L) = 0.17 is obtained. The expected results of the fit
to ∆Φordered

jj does not reach ±1σ confidence interval.

A negative ∆ ln(L) curve of the ∆Φsign
jj as illustrated in Fig. 8.3b. With inclu-

sion of systematic uncertainties, the expected value of −∆ ln(L) = 0.12 is obtained,
while expected results that only statistical uncertainties, curve reaches a plateau of
−∆ ln(L) = 0.21. Therefore, no exclusion limit is found.

The −∆ ln(L) = 0.10 is obtained for fit to the Optimal Observable with effect of
the systematic uncertainties as shown in Fig. 8.3c. On the other hand, fit with only
statistical uncertainties, expected value of −∆ ln(L) = 0.20 is obtained. Also, due
to limited sensitivity to effective coupling of Higgs boson to gluons, the exclusion
limits can not be obtained.

These expected results show that ∆Φsign
jj observable is more sensitive than others.

The reasons, why ∆Φsign
jj appears to be more sensitive in the fit could be caused by

the binning choice or influence from the LO reweighting method to the NLO event
sample.

The likelihood fits to the CP-odd observables do not allow to derive exclusion
limit due to the limited sensitivity.

The postfit distributions with statistical and systematic uncertainties of observ-
ables in signal and control regions are shown in Fig. 8.4; 8.5; 8.6. And their respective
event yields are summarized in Table 8.3; 8.4; 8.5.

∆Φsign
jj in SR Control Region

VH 2.70± 0.26 45.39± 4.11
Top 12.64± 1.24 1182.13± 108.41
Zll 13.54± 1.61 2435.29± 257.04
Diboson 9.01± 0.82 894.76± 73.67
Ztt 112.85± 3.78 27 811.80± 256.64
Fake 58.82± 2.40 11 965.80± 291.05
VBFH 6.95± 0.67 184.20± 16.70
GGFH 39.27± 12.76 893.65± 290.43
Total 255.79± 11.40 45 412.90± 212.25
Data 221 44894

TABLE 8.3: Postfit event yields from the fit in the ∆Φsign
jj in signal

region and control region. Statistical and systematic uncertainties are
included. Data is shown for references and it is not used in the fit.
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(a) (b)

FIGURE 8.4: Postfit distributions of (a) ∆Φsign
jj in the signal region

and (b) mMMC
H distribution with statistical and systematic uncertain-

ties are shown. In all plots, WIP abbreviates the Work in Progress.

(a) (b)

FIGURE 8.5: Postfit distributions of (a) ∆Φordered
jj in the control re-

gion, (b) mMMC
H distribution with statistical and systematic uncertain-

ties are shown. In all plots, WIP abbreviates the Work in Progress.
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∆Φordered
jj in SR Control Region

VH 12.98± 1.22 45.39± 4.11
Top 37.69± 3.59 1182.13± 108.48
Zll 33.50± 3.48 2435.29± 226.43
Diboson 25.26± 2.19 894.76± 71.64
Ztt 296.32± 7.59 27 811.80± 254.04
Fake 199.74± 7.05 11 965.80± 291.73
VBFH 15.39± 1.44 184.20± 16.70
GGFH 121.30± 29.26 839.65± 215.55
Total 742.17± 23.71 45 412.90± 212.53
Data 723 44894

TABLE 8.4: Postfit event yields from the fit in the ∆Φordered
jj in signal

region and control region. Statistical and systematic uncertainties are
included. Data is shown for references and it is not used in the fit.

(a) (b)

FIGURE 8.6: The postfit distribution of (a) Optimal Observable dis-
tribution in the signal region and (b) mMMC

H distribution in control
region with statistic and systematic uncertainties. In the plot, WIP

abbreviates the Work in Progress.
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OO in SR Control Region
VH 12.98± 1.23 45.39± 4.11
Top 37.69± 3.56 1182.13± 108.44
Zll 33.50± 3.51 2435.29± 225.64
Diboson 25.26± 2.18 894.76± 71.67
Ztt 296.32± 7.47 27 811.80± 253.72
Fake 199.74± 7.00 11 965.80± 291.29
VBFH 15.39± 1.44 184.20± 16.70
GGFH 121.30± 29.13 893.65± 214.64
Total 742.17± 62.02 45 412.90± 472.85
Data 723 44894

TABLE 8.5: Postfit event yields from fit in the Optimal Observable in
signal region and control region. Statistical and systematic uncertain-
ties are included. Data is shown for references and it is not used in

the fit.
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Chapter 9

Conclusion and Outlook

This thesis presents the study of the CP property of the Higgs boson production in
the gluon fusion in association with two jets, ggF H+2 jets. The sensitivity of the
effective anomalous coupling is studied by using the decay channel of the Higgs
boson H→ τlepτhad. The interaction of the Higgs boson to gluons allows testing
the CP-invariance directly. The relative contribution between CP-even and CP-odd
interactions is described by the mixing angle of tan α, which has zero value in the
Standard Model (SM). Non zero value will describe CP-violation in the coupling of
the Higgs boson to gluons.

In order to test the CP-invariance, this analysis uses CP-odd observables, which
are CP-odd under the transformation of the charge conjugation and parity transfor-
mation. Three different CP-odd observables are used to extract the signal ggF H+2
jets sensitivity. The Optimal Observable, which uses the full phase space informa-
tion based on the matrix element of the physics processes, is used. In addition, the
azimuthal angle between two tagging jets, which are selected in the opposite hemi-
spheres or ordered by their pseudorapidity, is investigated. This thesis is based on
the proton-proton collisions data at the center of mass energy of

√
s = 13 TeV with

an integrated luminosity of L = 139 fb−1 collected by the ATLAS experiment at the
LHC, CERN.

By studying the CP-odd observables, sensitivity to the effective anomalous cou-
pling of the signal ggF H+2 jets is investigated at the generator level, which is ig-
noring the background processes and systematic uncertainties. The mean value of
the CP-odd observables for various tan α coupling models can be used to illustrate
the sensitivity of the observable to CP-violation effects. Various tan α coupling mod-
els on the signal ggF H+2 jets are obtained using a leading order (LO) reweight-
ing technique. The reweighting technique is validated at LO generated events with
MadGraph5 [39] and used in the NLO events sample produced by Powheg [47–50].

A mean value which is compatible to zero is obtained in all CP-odd observables
in the CP conserving coupling model tan α = 0. While mean value deviating from
zero of the CP-odd observables are obtained in nonzero values of tan α. The Op-
timal Observable, ∆Φsign

jj and ∆Φordered
jj show a good separation between various

anomalous couplings. The Optimal Observable shows larger sensitivity than other
observables. Furthermore, ∆Φsign

jj shows broader deviations of the mean value from

zero than the η-ordered ∆Φordered
jj . However, ∆Φsign

jj has large statistical uncertainty
because of the jet selection in opposite hemispheres.

Also, a sensitivity study on different subprocesses of the gluon fusion is studied.
The subprocesses are classified as gluon-gluon, gluon-quark, and quark-quark initial
states depending on the flavor combination of initial state partons. The dominant



90 Chapter 9. Conclusion and Outlook

contribution comes from the gluon initiated process (97.2 %); however, the quark-
quark initiated process (2.8 %) gives the largest deviations in the mean value of the
CP-odd observables.

A comparison of LO and NLO events are studied when applying the LO reweight-
ing technique. In the NLO sample, the sensitivity of different subprocesses to the
anomalous coupling of the Higgs boson and gluons are reduced due to the LO
reweighting. Probably a proper NLO reweighting method can increase the sensi-
tivity to the anomalous coupling in further analysis.

The sensitivity to ggF H+2 jets is also investigated at detector level. In this anal-
ysis, the dominant background contribution comes from Z→ ττ production and
from jets misidentified as hadronically decaying τ-leptons backgrounds. Higgs pro-
duction in vector boson fusion and associated vector boson production modes are
considered as a background. Measurement of the tan α is obtained in the data by
reweighting the simulated signal events for different coupling models.

The selection criteria are applied to the simulated events and the data. Further-
more, the Boosted Decision Tree (BDT) method, which is a multivariate analysis,
is used. Two distinctive BDT are trained in order to achieve good separation be-
tween signal and background events. One BDT is trained for signal against all back-
grounds; a second BDT is trained to separate ggF from VBF production. The signal
region is defined by defining the threshold value for both BDT outputs. This thresh-
old value has been chosen to optimize the signal-to-background ratio. It reduces the
contribution of the VBFH background. As a result, the dominant contribution arises
from Z/γ → ττ with 48% and fake background with 32%. A signal-to-background
ratio of 0.19 is obtained with a significance of 4.52.

To measure the relative contribution of the CP-even and CP-odd in Higgs boson
coupling to gluons, a profile likelihood fit function is used. The negative logarithmic
profile likelihood fit is performed to the CP-odd observables in order to test the
signal hypothesis as a function of tan α. The distributions of CP-odd observables are
used to define the signal region. The invariant mass of the Higgs boson distribution
estimated by the MMC method is used for the control region in order to normalize
the Z → ττ background. In the fit procedure, the parameter of interest is tan α with
normalization factor signal strength µsig and normalization factor bZττ. During the
fit procedure, the normalization factors are left for free-floating. This analysis uses
simplified systematic uncertainties for both background and signal, which are based
on [102].

For testing the SM signal hypothesis, expected results are performed using an
Asimov dataset. As a result, the expected sensitivity is compared for fit results based
on statistical uncertainties only and the effect of including the systematic uncertain-
ties. Expected result of the fit with only statistical uncertainties, negative likelihood
curve reaches a plateau of−∆ ln(L) = 0.17 for ∆Φordered

jj , −∆ ln(L) = 0.21 for ∆Φsign
jj

and −∆ ln(L) = 0.20 for the Optimal Observable.
On the other hand, the expected result of the fit including the systematic uncer-

tainties, curve reaches a plateau of −∆ ln(L) = 0.07 for ∆Φordered
jj , −∆ ln(L) = 0.12

for ∆Φsign
jj and −∆ ln(L) = 0.10 for the Optimal Observable.

From the expected result, ∆Φsign
jj shows the highest sensitivity but yet ±1σ con-

fidence level for the signal hypothesis is not obtained. The reason for ∆Φsign
jj ap-

pearing more sensitive could be caused by the binning choice and the use of the
LO reweighting applied to the NLO events. These expected results show that an
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additional study should be performed using a newly developed NLO reweighting
technique with proper systematic uncertainties.

In future studies, the signal events for various tan α coupling models can be im-
proved by the usage of the NLO reweighting method. Also, using all decay channels
of the Higgs boson can increase the sensitivity to anomalous coupling in ggF H+2
jets events.
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