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Abstract

The tensor structure of the Higgs boson couplings to gluons and heavy weak gauge
bosons has been probed for small admixtures of non-Standard Model CP-odd and, only
for heavy vector bosons, CP-even couplings to the CP-even Standard Model coupling.
The Higgs boson candidates are reconstructed in the H — ZZ* — 40 (£ = e, u) decay
channel using proton-proton collision data recorded by the ATLAS detector at the
Large Hadron Collider (LHC) in 2011 and 2012 at centre-of-mass energies of /s =7
and 8 TeV corresponding to an integrated luminosity of 24.8fb~! and in 2015 and
2016 at /s = 13 TeV corresponding to 36.1fb~!.

The non-Standard Model coupling parameters are defined within an effective field
theory, the so-called Higgs characterisation framework. The relative contributions
of the CP-even and CP-odd terms are described by the CP mixing angle . The
parameter rage denotes the CP-odd non-Standard Model coupling at the Higgs to
gluon interaction vertex and kpyy and kayy the CP-even and CP-odd non-Standard
Model couplings of the Higgs boson to weak gauge bosons, respectively. The observable
coupling parameters are the product of the coupling strengths x and the sine or cosine
of the CP mixing angle «, ¢, = cosa and s, = sina.

Two complementary methods have been used for the measurement. One is solely based
on kinematic variables of the four-lepton final state which are sensitive to the presence
of non-Standard Model couplings. Constraints on non-Standard Model contributions to
the Higgs to Z-boson coupling have been obtained with this approach from the Run-1
data set. A combination with an analogous measurement for H — WW* — evuv
decays has also been performed. The second approach combines the information on
the CP structure of the Higgs boson from final state kinematic observables and from
the Higgs boson production rate using part of the Run-2 data set. The first constraints
on a CP-odd contribution to Higgs boson production in gluon fusion have been derived.
All results are in agreement with the Standard Model predictions. The most stringent
constraints have been obtained from the production rate with —0.6 < cokpyv < 4.2,
—4.4 < soravy < 4.4 and —0.68 < sqkage < 0.68 at 95% CL.
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Introduction

The Higgs boson discovery in proton-proton collisions at the Large Hadron Collider
(LHC) by the ATLAYY and CM experiments [1, [2] in 2012 completed the Standard
Model of particle physics and opened a new window to physics beyond the Standard
Model as well as for precision tests of the Standard Model. The LHC is located at the

international research centre for particle physics CERNE| near Geneva.

For a long time, the Higgs boson was the last missing piece of the Standard Model [3-6]
which describes all known elementary particles and their interactions very successfully.
It includes the Higgs mechanism [7-12] introduced in the 1960s for the generation
of particle masses without violating the local gauge symmetry of the electroweak
interaction. The Higgs mechanism predicts a neutral CP-even scalar field, the Higgs
field. Spontaneous breaking of the electroweak gauge symmetry due to a non-vanishing
vacuum expectation value of the Higgs field leads to masses of the elementary particles
coupling to the Higgs field. The mass of the Higgs boson is not predicted by the
Standard Model. It took nearly 50 years to find it at a mass of about 125 GeV |1, 2] in
decays into photon, W and Z-boson pairs. In 2013, Peter Higgs and Francois Englert
were rewarded the Noble Prize for physics for the introduction of the Higgs mechanism

in relativistic gauge field theories and the prediction of the Higgs boson.

The discovery of the Higgs boson started a new era of precision tests of the Standard
Model. The predicted quantum numbers and couplings to other Standard Model
particles have to be tested opening a new window for the search for new physics. The
Standard Model incorporates the simplest implementation of the Higgs mechanism.
However, more complicated realisations with more than one Higgs boson are possible
including admixtures of CP-odd states like in supersymmetric extensions of the Standard

Model. The CP-odd contribution may also lead to new sources for the violation of the
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Introduction

CP symmetry. The CP symmetry has to be violated in the early universe in order to

generate an excess of matter over antimatter in the universe [13].

So far, all measurements of Higgs boson properties agree with the Standard Model |14f-
16]. While a pure pseudoscalar state with CP-odd eigenvalue is excluded by the LHC
data, it is still possible that CP-even and CP-odd admixtures from non-Standard Model
sources are present. CP-odd admixtures can lead to CP violation in the Higgs boson
sector. This is especially interesting as the CP violation in the Standard Model is not
strong enough to explain the observed asymmetry between matter and antimatter. In
this thesis, two methods have been applied for probing the CP nature of the Higgs boson
in interactions with gauge bosons using proton-proton collision data recorded by the
ATLAS experiment at the LHC at centre-of-mass-energies of 7, 8 and 13 TeV.

The Higgs CP quantum numbers are accessible by studying the tensor structure of
the Higgs boson couplings. Two CP-sensitive measurements can be distinguished:
the Higgs boson production rate with potential contributions from couplings beyond
the Standard Model (BSM), called rate information, and distributions of kinematic
variables related to Higgs boson production and decay, referred to as shape inform-
ation. Two complementary analyses have been performed, one solely based on the
shape information, the shape-based analysis, and the other one combining rate and
shape information, the rate-based approach since the rate information dominates the

sensitivity.

The analyses have been performed for Higgs boson decays via H — ZZ* — 44 ({ = e, p).
LHC Run-1 data taken in 2011 and 2012 at /s = 7 and 8 TeV with an integrated
luminosity of 24.8fb~! and Run-2 data recorded in 2015 and 2016 at /s = 13 TeV
with 36.1fb~! have been analysed. The four-lepton decay is one of the Higgs boson
discovery channels. Despite its small branching ratio below 1%, it provides high
sensitivity because of high signal-to-background ratio and since the final state leptons
are fully reconstructed with high momentum resolution. This is also very beneficial for

the measurement of the tensor structure of the HZZ tensor coupling.

The shape-based analysis is solely based on distributions of CP-sensitive variables of
the four-lepton final state. In this analysis, CP-even and CP-odd deviations from the
Standard Model can be distinguished and CP violation in the Higgs sector detected.
However, the sensitivity is lower than in the rate-based approach. Constraints on
additional CP-even and CP-odd couplings in Higgs to vector boson decays have
been derived for the full LHC Run-1 data set at /s = 7 and 8 TeV combining the



H — Z7Z* — 40 analysis with a similar one for H — WW™* — evuv decays.

For the rate-based analysis of the 2015 and 2016 Run-2 data at /s = 13 TeV, it
is necessary to distinguish the Higgs boson production mechanisms to disentangle
Standard Model and beyond-Standard Model contributions. This is achieved by event
categorisation exploiting production mode topologies and final state kinematics in
cross sections templates in addition to the inclusive H — ZZ* — 4/ reconstruction.
CP-odd couplings are probed in the gluon fusion production and additional CP-even
and CP-odd couplings are probed in the Higgs to vector boson coupling in production
and decay. In order to efficiently model expected changes of rate and shape within this
framework, a new method has been developed in this thesis: the so-called morphing
method.

The thesis is structured as follows: In Chapter [I] the Standard Model of particle physics
is introduced as well as Higgs boson production and decays in proton-proton collisions at
the LHC. Extensions of the Standard Model which affect the Higgs boson couplings and
model-independent parametrisations of such deviations from the Standard Model are
discussed, followed by an overview of the current status of Higgs boson measurements
by the ATLAS and CMS experiments. An overview of the ATLAS detector is given in
Chapter [2| Particle reconstruction in the ATLAS detector is explained in Chapter [3]
The selection of Higgs boson candidates in the four-lepton decay channel is described
in Chapter [] followed by the discussion of the shape- and rate-based tensor structure
measurements of the Higgs boson coupling to gauge bosons in Chapter [5| which are
compared with each other and with measurements of the CMS experiment. Finally,
the results of the analyses are summarised and future improvements are discussed.
Methods to model discriminants as a function of interesting parameters including
the morphing method, which has been developed for this thesis, are introduced in
Chapter [6]






Chapter 1

Theory

In this chapter, the theoretical framework is introduced and the current status of Higgs
boson measurements summarised. In Section the Standard Model (SM) of particle
physics is described with emphasis on the Higgs mechanism. The production of the
SM Higgs boson in proton-proton collisions at the Large Hadron Collider (LHC) is
described in Section [I.2] and the dominant Higgs boson decay channels in Section [I.3]
This is followed in Section by a short overview of extensions of the Standard Model
and of schemes for model-independent parametrisations including the effective field
theory approach and an introduction to the implementation used for the analysis, the
so-called Higgs characterisation framework. Finally in Section [I.5] an overview of the

current status of Higgs boson property measurements is given.

In this thesis, natural units (A = ¢ = 1) are used.

1.1 The Standard Model

1.1.1 Gauge symmetries, interactions and fundamental particles

The SM of particle physics is a renormalisable quantum field theory that describes all
known elementary particles and their interactions except gravity: electromagnetism,
the weak interaction, for example responsible for radioactive -decay, and the strong
interaction binding quarks together in hadrons. So far all experimental tests of the SM

confirm its predictions with high accuracy.

The SM is a gauge theory, i.e. the associated Lagrangian describing the physical state

is invariant under local gauge transformations. The gauge symmetry group of the SM
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is a product of the three simplest unitary Lie groups,

U(l)y x SU(2)L xSU(3).. (1.1)
lect k strong

The electroweak interaction unifying electromagnetism and the weak force is described
by the U(1)y x SU(2)r group. The SU(2); group acts on left-handed (index L)
particles. U(1)y is the symmetry group of the weak hypercharge Y. The electroweak
symmetry is spontaneously broken via the Higgs mechanism. The SU(3). symmetry
defines the strong interaction that acts on all particles with colour (index c).

Each gauge symmetry group requires the introduction of new vector fields, the gauge
fields, whose quanta are the gauge bosons, which mediate the interactions. The
particles of the SM are summarised in Figure [I.1] There are two types, fermions and

bosons:

e Fermions: The Spin % particles are grouped into leptons and quarks which are
distinguished by flavour quantum numbers. There are three generations of leptons
and quarks which share the same interactions, but differ mass. The second and
third generations are heavier copies of the first generation, from which ordinary
matter is built. Each lepton generation consists of a negatively charged massive
fermion together with a very light and electrically neutral neutrino. Fach quark
generation consists of a pair of massive quarks with electrical charge quantum
numbers +% and —%. Quarks carry colour quantum numbers ¢ = r, g or b and
therefore are also subject to the strong interaction, while leptons without colour
only interact weakly and, in the case of the charged leptons, electromagnetically.
For each fermion there is a corresponding anti-fermion with the mass and lifetime

but opposite-sign quantum numbers.

e Vector bosons: The vector bosons act as mediators of the interactions. The
electromagnetic force is carried by the photon that is electrically neutral and
massless. The massive gauge bosons of the weak interaction are the electrically
charged W*-bosons and the neutral Z-boson. Gluons are the massless force-
carriers of the strong interaction. There are eight types of gluons carrying different

combinations of colour charges.

e Higgs boson: The electrically and colour neutral, massive Higgs boson is the
only observed fundamental scalar particle, i.e. with Spin 0 and CP-eigenvalue +1

(CP-even). The CP symmetry changes particles into their antiparticles (charge
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conjugation C) and inverts the sign of all spatial coordinates (parity P). The Higgs
boson is a consequence of the Higgs mechanism, which leads to the spontaneous
breaking of the electroweak gauge symmetry and gives mass to the weak gauge

bosons and the fermions.

Electroweak interaction and the Higgs mechanism

The electromagnetic and weak interactions are unified within the Glashow-Salam-
Weinberg [4, 5] [17] theory, a local U(1)y x SU(2)r, gauge theory. The U(1)y symmetry
corresponds to the weak hypercharge Y, while SU(2)r, is the symmetry group of the
weak isospin. The weak isospin interaction couples only to left-handed particles and
right-handed antiparticles corresponding to the observed maximum parity violation in

the weak charged current interaction.

All SM gauge bosons and fermions are massless as required by the local gauge sym-
metries and by the combination of global SU(2); symmetry and parity violation
respectively, which is in contradiction to the observations. This can be solved with the
Higgs mechanism [7H12|, that breaks the electroweak gauge symmetry spontaneously
leaving only the electromagnetic abelian gauge symmetry U(1)g with electric charge
operator () unbroken:

U(l)y X SU(Q)L — U(l)Q. (1.2)

The electromagnetic interaction is described by quantum electrodynamics (QED). The
weak gauge bosons and fermions acquire their masses via the Higgs mechanism. The
Higgs boson is a massive excitation of the Higgs field from the ground state after

symmetry breaking.

Quantum chromodynamics

The strong interaction which binds quarks together in baryons and mesons (collectively
called hadrons) is described by the SU(3). gauge theory of quantum chromodynamics
(QCD). Fermions with colour charges (quarks) interact strongly by exchanging the
SU(3). gauge bosons (gluons). Important characteristics of QCD are asymptotic
freedom and confinement. The strong gauge coupling constant diverges at energies

below the confinement scale Agcp leading to the breakdown of perturbation theory.
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Figure 1.1: Particle content of the SM of particle physics.

At energies above Aqcp, i.e. smaller distances, the QCD coupling decreases such that
the hadron constituents approximately behave as free particles (asymptotic freedom),

and perturbation theory is applicable.

1.1.2 Mathematical formulation

Detailed introductions to the SM can be found in text books and published lectures |18|

19).

The Lagrangian .Zg\r describing all SM particles and their interactions can be written
as a sum of a gauge boson kinetic term Zp, a term £ describing fermion-gauge boson

interactions and a term Zp describing fermion and gauge boson interactions with the
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Higgs field:
Lsm =L+ L+ Ly (1.3)

In the following, .Zp and £ before electroweak symmetry breaking are introduced
to explain the fermion-gauge boson interactions in the SM. The Higgs mechanism
is explained by a walkthrough of .Zy before and after the electroweak symmetry is

broken.

Gauge boson kinetic terms

The kinetic terms of the gauge fields in the Lagrangian are given by

1 1 1
Ly = =G, G — JWi, W — 2B, B, (1.4)

with the field strength tensors Gy, Wy, and By, of the SU(3)., SU(2)L and U(1)y

na
interactions, respectively. The index a runs over the number of gauge fields of each

interaction. There are eight gauge fields for strong and three gauge fields for the weak

isospin interaction.

For the abelian U(1)y gauge interaction, the field strength tensor has the same form

as in quantum electrodynamics,
B, =0,B, —-90,B,, (1.5)
with the weak hypercharge gauge field B,,, which does not interact with itself.

Due to the non-abelian gauge symmetries, the gluon fields G}, and the weak isospin
gauge fields W have self-interaction corresponding to additional terms in the field

strength tensors. For the strong interaction the field strength tensor has the form
G4, = 0,G% — 0,G% + go f°GhGe, (1.6)

with the strong coupling constant gs, a,b,c = 1, ..,8, and the SU(3) structure constants

fb¢ defining the anti-commutation rules of the generators ¢%:

[t %] = i fabere. (1.7)
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The weak isospin field strength tensor is given by
We, =0, W — 0,W + ge”™ Wiwy, (1.8)

with the SU(2)r, gauge coupling constant g, a,b,c = 1,..,3 and the SU(2) structure

abc 123 _ 1

constant €%°¢ in the totally antisymmetric three-index tensor with e

Fermion-gauge interaction term

The gauge interactions of the SM fermions are described by
Lr =iy D,y (1.9)

with the fermion spinor field 1, the covariant derivative D, and the adjunct spinor
Y = 940, Which types of interactions the fermions are subject to depend on their
charge quantum numbers. The weak hypercharge ¥ quantum numbers, the third-
component of the weak isospin 7° and the colour quantum numbers ¢ of the first
fermion generation of fermions are given in Table The couplings of gauge fields

and fermions are defined by the gauge covariant derivative
Dy =08, —ig B,Y —igWiT" — ig,Gat®, (1.10)

with the weak hypercharge coupling strength g/ and the generators T of the SU(2)r,

group. A two-dimensional representation of the weak isospin generators T is given by

. . . a
the Pauli spin matrices 0, where T = %-.

Table 1.1: Weak hypercharge Y, weak isospin 72 and colour ¢ quantum numbers for
the each fermion generation of the SM.

Particle (ug, dr) UR dr (v, er) eRr
type

1 2 1 1
Y 6 3 —3 —2 -1
N T e T
c colour-triplet  colour-triplet colour-triplet colour-singlet colour-singlet

10
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Higgs field terms

Explicit gauge boson mass terms %mQBB“B” in the Lagrangian violate the local
gauge symmetries. Fermion mass terms —ma)t together with the maximum parity
violation of the weak interaction violate the electroweak gauge symmetry SU(2)r. The
explanation of the observed weak gauge boson and the fermion masses requires an
additional mechanism. For this purpose, the scalar Higgs field is introduced, which
leads to spontaneous U(1)y x SU(2), gauge symmetry breaking by assuming a non-
zero vacuum. The massless Goldstone modes of the scalar field are absorbed into
longitudinal polarisations of the weak gauge bosons, which thus acquire mass. Fermions

acquire mass via Yukawa couplings to the Higgs field.

The simplest implementation in the SM is a complex scalar weak isospin doublet with

four degrees of freedom,

_l’_
P : (1.11)

¢0
with electrically charged and neutral components ¢t and ¢°, respectively. The Lag-

rangian for the Higgs field and its interactions is given by

Ly = (Dp®)(D'®) = V(®) = _ [ypdrPrs + hc] (1.12)

7

with dimensionless Yukawa coupling strength parameter y; where f runs over the
SM fermions. The first term contains the kinetic term of the scalar field ® and the
Higgs-gauge boson interactions, the second term V(@) is the Higgs self-interaction
potential, and the third term contains Yukawa couplings of the scalar field ® to the

fermions. The covariant derivative is given by

!

Dy = 0 — i By —iSWyio", (1.13)

with Yp = % and T° = %a The minimal version of the gauge invariant Higgs potential

allowing to spontaneous symmetry breaking is
V(®) = —p20Td + \(@TD)?2, (1.14)

with the Higgs self-interaction constant A > 0.

11
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V(®)

Y
’77[@
re®)

Figure 1.2: Potential V(®) = —u2®T® 4 \(®T®)? of the complex Higgs field ® with
parameters —p? < 0 and A > 0 after spontaneous symmetry breaking.
Depending on the values of the mass parameter u, two cases can be distinguished:

1. p4? < 0: the potential has a minimum at ®;. The electroweak symmetry is

unbroken.

2. u? > 0: the potential has a minimum for non-zero vacuum expectation value for

non-zero vacuum expectation value

_
|®g| = \/; =7 +0, (1.15)

(see Figure [1.2)).

By selecting a particular ground state, which is not invariant under U(1)y x SU(2)r
transformations, e.g. <‘I)o> = % (9), the U(1)y x SU(2)r, symmetry is spontaneously
broken. The field H is a massive radial excitation from the ground state in the

spontaneous symmetry breaking phase:

(1.16)

-

v+ H

12
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with the three massless excitations longitudinal to the potential minimum (Goldstone
modes) have been eliminated in the so-called unitary gauge. They reappear instead
as longitudinal polarisation states of the massive weak gauge bosons W= and Z. The
field quantum of H is the Higgs boson.

The value of the vacuum expectation value v is about 246 GeV |20] determined from

the measurement of the Fermi constant Gp = ﬁ

By inserting Equation into Equation with 1?2 = \v? (see Equation [1.15)),

the mass eigenstates of the weak gauge fields, Z,, and let, and the electromagnetic
gauge field A, can be identified. The mass terms of the SM particles and the Higgs

interaction terms after spontaneous symmetry breaking are contained in

Ly :%(@H)(a“H)

1 _ | ,
S0+ H)? [ — W) (W W) + (=g B, + g W)
— M?H? — WH® — %H“

ys =
- =@+ H)ff+hc]. (1.17)

The first term is the kinetic term of the scalar field H. The second and third terms
contain mass terms m%/VMV“ and interaction terms HV,V# and HHV,V# of H with
the gauge bosons. The weak hypercharge and weak isospin gauge fields mix into mass

eigenstates matching the observed W+ and Z-bosons:

Wi FiW?
Wi = MY (1.18)
V2
V4 cos 6 —sind w3
“ = v v an (1.19)
A, sinfy,  cos Oy B,
with the Weinberg mixing angle 0y, defined by
_ 9
cos by = ————, (1.20)
9°+9°

13
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and the expressions for the gauge boson masses

2,,2
myy = 94” : (1.21)
2 '2Y,.2
my — <9+49>v (122)
ma = 0. (1.23)

The orthogonal state to Z,, can be associated to the photon field A,, which does not
couple to the Higgs field and thus does not acquire mass.

The Higgs boson couples to the weak gauge fields V = W=, Z proportional to

g . mZ,
HWJW,,_ T G = AGW G = 2’579“”, (1.24)
2 2
_ .g .m
HHW.IW, - i % g = 2zv—ng,w, (1.25)
2 2
(¢°+97)0 2
HZ,Z, i im———t— x 29, = iV/@ + g mzg, = 2 Zg.,,  (1.26)
v
(¢ +47) m
HHZyZ, : im——g X 2 x Ny = 20 L g (1.27)

The combinatorial factors 2! account for identical Z-bosons and Higgs bosons.
The Higgs boson mass term %m%{H 2 as well as triple and quartic self-coupling terms
are contained in the third line in Equation The Higgs boson mass mpy is given
by

my = V22, (1.28)

and self-coupling strengths are given by

2

HHH : —i)\vx 3l = —6i\v = —3i H (1.29)
v
A 2
HHHH : =i x4l = —6i) = —3i~ 1L, (1.30)
v

with combinatorial factors 3! and 4! to account for three and four identical Higgs
bosons.

The Yukawa couplings terms after symmetry breaking (fourth line in Equation [1.17])

14



1.1 The Standard Model

contain the fermion mass terms my ff with

1
V2

and the fermion-Higgs boson interactions H f f proportional to

my Av (1.31)

) —1yYf _ —imy
Hff: NG =— (1.32)

. . . _ mf
with the Yukawa coupling strengths y; = \/57

The Higgs boson couplings to SM particles are proportional to the particle masses.
Once the Higgs boson mass is measured (it is a free parameter in the SM), all coupling

strengths are predicted in the SM. The Higgs boson couplings are summarised in

Figure

The observed electromagnetic and weak interactions mediated by photon, and weak
gauge bosons Z and W are identified by rewriting the covariant derivative of the
U(1)y x SU(2)r theory after electroweak symmetry breaking:

Dy = 0, — i% (WiTH 4 W, T7) —i— (T? — sin? 0w Q) Z,, — ieQA,,

V2 sin Oy cos Oy
(1.33)

with Equations and the raising and lowering operators TF of SU(2)r, the

electromagnetic coupling e and electric charge operator ) with the relations

99 — gsinfy =g cosby and Y =Q—T> (1.34)

e =

!The Feynman diagrams within this thesis are drawn with the TikZ-Feynman [21] package.
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Gauge bosons (V = W, Z2):

1% H 1%
AN
AN
\
AN
AN
2 \\ 2
— Tv s —9o;Mmy
H = 2 - 8uv B} =2 2 Buv
,/
7/
7/
/7
/7
v H \%
Fermions:
f
. imy
H-=------ 2
f
Self-coupling:
H H H
/ N 7’
V4 N /
V4 A 7
Vs Al 7’
/, \\ //
/7 .m2 N /7 .m2
H=-------- « =-3i-7 «  =-3i4
N v V2EERN v
\\ /, \\
\ Y \
\ /7 AN
\ d N
N 4 \
H H H

Figure 1.3: Tree-level Feynman diagrams of the Higgs boson couplings to the weak
gauge bosons and to fermions, as well as the Higgs boson self-interaction
diagrams.

16



1.2 Production of the Standard Model Higgs boson at the Large Hadron Collider

1.1.3 Limitations of the Standard Model

While the predictions of the SM have been verified with very high precision, there are
still observations that cannot be explained by the SM [18|. For instance, it does not
describe dark matter or dark energy, and the SM neutrinos are predicted to be massless,
which is in contradiction to the observation of neutrino flavour oscillations [22-24]. In
addition, the CP violation observed in weak decays and described in the SM via the
quark mixing matrix, the Cabibbo-Kobayashi-Maskawa matrix (CKM matrix) [25, 26|,
is too weak to explain the matter-antimatter asymmetry in the universe. Violation of
CP symmetry is one of the three Sakharov conditions [13| required for the generation

of different amounts of matter and antimatter.

It is thus of interest to search for new sources of CP violation for instance in Higgs
boson interactions beyond the SM. The Higgs boson in the SM is a CP-even state and
its interactions are predicted to conserve CP symmetry. While the CP = 4+1 quantum
number of the Higgs boson has been experimentally confirmed at the LHC [14-16],
CP-odd admixtures predicted by extensions of the SM are still allowed which can lead
to additional CP violating effects.

1.2 Production of the Standard Model Higgs boson at the
Large Hadron Collider

At the LHC the SM Higgs boson is produced in proton-proton collisions through various
production mechanisms. The cross sections of the most dominant production processes
are shown as a function of the proton-proton centre-of-mass energy in Figure [1.4
Data sets taken at /s =7 TeV,8 TeV and 13 TeV have been analysed for this thesis.
The cross section values at the LHC energies can be found in Table [I.2] At those
centre-of-mass energies, the SM Higgs boson with a mass of about 125 GeV is produced
dominantly by gluon fusion (ggF) with a relative contribution of 87% to the total
production rate. The corresponding tree-level Feynman diagram is shown in the left
side of Figure The next important processes are vector boson fusion (VBF), see
Figure right, with 7% and associated production with a weak vector boson (VH),
see Figure with 4 % relative contribution. The associated production with a top or
a bottom-quark pair (t#H and bbH), see Figure contributes with 1% each, while
the associated production with a single top-quark (tH) (see Figure contributes
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Chapter 1 Theory

Figure 1.4: Cross sections for the production of the SM Higgs boson with a mass of
125 GeV in proton-proton collisions at centre-of-mass energies from 6 to
15 TeV . Data sets taken at /s = 7,8 and 13 TeV are analysed in this

with less than 1% to the total production rate. Experimentally, the different final
state signature of the VBF, VH and ¢tH production mechanism can be exploited to
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improve the discrimination between signal and background processes.
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q
Y (O0000Y

H
g \RQOQQQOA q

Figure 1.5: Tree-level Feynman diagrams for the SM Higgs boson production processes
at the LHC via gluon fusion (ggF, left) and vector boson fusion (VBF,
right) [28].

g 7 g \RQQOOA 7
Figure 1.6: Tree-level Feynman diagram for the associated SM Higgs boson production

qq — V H with a weak gauge boson V' = W, Z (top) and loop processes for
99 — ZH production (bottom) in proton-proton collisions |28§].
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g t,b
q t,b
H ~
Y t,b 4 t,b

Figure 1.7: Tree-level Feynman diagrams for the SM Higgs boson production in associ-
ation with a top or a bottom-quark pair (¢t¢H and bbH) [28|.
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Figure 1.8: Tree-level s-channel and t-channel SM Higgs boson production in association
with a top-quark and a quark (top) or a W-boson (bottom) [28§].
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1.2 Production of the Standard Model Higgs boson at the Large Hadron Collider

Table 1.2: SM Higgs boson (mpg = 125 GeV) production cross sections for the dominant
production processes in proton-proton collisions at the LHC at centre-of-
mass energies of \/s =7, 8and 13 TeV [27]. The theoretical errors given are
related to uncertainties in the QCD scale, the strong coupling constant ag
and the parton distribution functions (PDF) added in quadrature.

Short name

Production process

cross section [pb]

Feynman-diagram

V=TTV /s5=8 TV /5=13 TeV
ggF 99 H 16.9+52% 21.4+51% 48.6+50% [1.5
VBF aq qqH 1.24722% 1.60722% 3.78721% 15
WH aq WH 0.577722% 07037217 137035% |16
ZH 99/9q ZH 0.339131%  0.421739% 0.8841% 16
ttH 99/4q ttH 0.089726% ~ 0.133F59% 0.51755% 1.7
bbH 99/qq bbH 016727 020"HT%  0491202% 17
tH aq tHg  (t-ch.)  0.0123"85%  0.0187785%  0.074775% 18] (top right)
(s-ch.)  0.00093732% 0.0012173%%  0.00288733% 1.8 (top left)
94 tHW  (W-ass.) 0.002270%  0.0035%99%  0.0152759%  [L.8[ (bottom)
Total 19.3745% 24 5t3% 557tAR
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1.3 Decays of the Standard Model Higgs boson

At the measured mass of about 125 GeV, the Higgs boson decays into a large variety
of final states (see Figure|1.9). The decay into a bottom-quark pair has the largest
branching fraction followed by the decay into a pair of W-bosons. The decays into
pairs of gluons, tau leptons and charm-quarks and Z-bosons are the channels with the
next highest branching ratios. The Higgs boson decays into pairs of photons and into
Z~ are at the per mille level, while the decays into pu are very rare. The branching

fraction values are summarised in Table [[.3l

Because of the large QCD background processes in proton-proton collisions, hadronic
decay channels are experimentally difficult, like H — bb or not accessible like decays
into pairs of gluons and light quarks. Beneficial for suppressing the QCD background
are final states with leptons. Thus, the Higgs decays into weak gauge bosons with
successive fully leptonic decays of the vector bosons are important for Higgs boson
studies. The branching fractions of the currently experimentally accessible decays
including the decays into leptonic final states of the weak bosons are shown on the
right-hand side of Figure[I.9] The H — ZZ* — 4¢ and H — ~v decays contributed
to the Higgs boson discovery |1}, 2| as well as the H — WW™* — fvlv decay channel.
H — ZZ* — 4¢ with a branching fraction of the fully leptonic final state of only
0.01 %, and H — ~v suffer from low statistics, but have a very clear signature to
distinguish them from the background. All decays depicted on the right-hand side of

Figure [I.9 have been observed or there is experimental evidence, except for H — ppu

(see Section [L.5)).
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1.3 Decays of the Standard Model Higgs boson

Table 1.3: Predicted branching fractions of the SM Higgs boson with a mass of
125 GeV [27]|. Uncertainties related to missing higher order corrections
and input parameters (ag, m., my, m;) are added linearly.

Decay process Branching fraction [%)]
H — b 58.212 2%
H - WWwW 21.4725%
H — gg S.QfSéZ‘z
H — 77 6.2712 5%
H — cc 2.8977 7%
H — 2ZZ 2.62725%
H — 7y 0.227+5:3%
H — Zy 0.153778%
H — pp 0.0218725%
H — 4 ({=ep) 0.0124 + 2.2%
H — (v ({=e,p) 1.06 £ 2.2%
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Figure 1.9: Predicted branching fractions of the SM Higgs boson as a function of the
Higgs boson mass for all primary decays with branching ratios higher than
10~* (left) and for selected decays into exclusive final states which are
experimentally relevant at the LHC (right) .

1.4 Higgs boson couplings beyond the Standard Model

The Higgs boson in the SM is a scalar CP-even eigenstate. The ATLAS and CMS
experiments have found a scalar resonance with myg =~ 125 GeV. The pure pseudoscalar
hypothesis is highly disfavoured by data (see Section , but it is still possible to
have a mostly CP-even scalar with BSM CP-even and CP-odd admixtures, the latter
leading to CP violation in the Higgs sector. In this thesis, the hypothesis of a mixed
CP state of the discovered scalar boson with mpy ~ 125 GeV is tested in the coupling
to gauge bosons.

In this section, BSM theories predicting such a resonance are introduced followed by
the discussion of approximate descriptions, where the non-SM Higgs boson couplings
are parametrised without knowledge of a specific underlying theory. Two approximate
descriptions are discussed below: an anomalous couplings approach where the most
general production and decay amplitude is derived and an effective field theory where the
most general low-energy Lagrangian is written down. In this thesis, an effective theory
parametrisation of the non-SM Higgs boson couplings is used, the Higgs characterisation

model [30]. No assumption is made on the nature of the underlying theory.
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1.4 Higgs boson couplings beyond the Standard Model

1.4.1 Models beyond the Standard Model

An overview about BSM theories introducing CP violation in the Higgs sector and of
possibilities for their detection at the LHC is given in [29] (Section 11.2). In [31] CP

violating Higgs boson physics is discussed in great detail.

In general, a pseudoscalar state A couples to gauge bosons via a term

(1.35)

Lavy = LAV,

in the Lagrange function, with the gauge boson field strength tensor V*#* and its dual
tensor ‘N/NOI‘, = %ew,paV“’pU and with the coupling strength ¢y that emerges from new
physics at the scale A.

Such a term can arise from two classes of theories:
1. Via loop effects in renormalisable weakly-interacting models, for example:
a) extensions of the Higgs sector or
b) supersymmetric theories.

2. From non-perturbative extensions of the SM, for example versions of technicolour
theories with cut-off scale A |32, 33].

Candidates for weakly interacting theories are the Minimal Supersymmetric Standard
Model (MSSM), Two-Higgs-Doublet models (2HDM) and Little Higgs models.
Supersymmetry [34-39| is an extension of the SM, where an additional symmetry
between bosons and fermions is introduced. Each SM particle has a superpartner whose
spin differs by one half. The most intensively investigated supersymmetric theory is the
MSSM |40} 41], which comprises a minimum number of new particle states. The MSSM
requires two complex Higgs doublets, one for up-type and one for down-type fermion
mass terms. In 2HDM models, the SM Higgs boson sector is generally extended by
the addition of a second complex Higgs field doublet [42]|. There are different types of
2HDM extensions. In type-II models up- and down-type fermions couple to different
Higgs doublets like in the MSSM. A consequence of the two doublets are two vacuum
expectation values. Their ratio is defined as the parameter tan 5. In Little Higgs
models, the Higgs boson is a pseudo-Goldstone boson arising from the breaking of a
global symmetry valid at the higher energy scale.

In weakly interacting models, the pseudoscalar couplings to gauge bosons are introduced
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in loops dominated by the top-quark contribution. The pseudoscalar component is
heavily suppressed as opposed to the scalar component. Recent studies have shown that
the detection of CP violation in the MSSM [43, 44], and in Little Higgs models [45-47]
is not feasible at the LHC since small values of tan 8 are necessary to enhance the
pseudoscalar component which are strongly constrained for the MSSM by direct Higgs
searches [48|. This restriction does not apply for generic type-II 2HDM models.

In technicolour theories, the Higgs boson is a composite particle. A new strong and
confining gauge interaction exists similar to QCD which binds so-called technifermions.
Within such theories, pseudoscalar couplings to gauge bosons are possible [43]. Since the
new interaction is strong, differences from the SM prediction are much more pronounced
and a precision on the order of 10 % on Higgs boson couplings can constrain such

models.

1.4.2 Higgs boson tensor coupling parametrisations

There are two options for the model-independent parametrisation of non-SM Higgs
boson tensor couplings (see [29], Section 11): either a parametrisation of the scattering
amplitude with anomalous couplings or an effective field theory approach. In the
anomalous couplings approach, the most general amplitude compatible with Lorentz
and gauge invariance is written down, while in an effective theory, the most general
effective Lagrangian compatible with Lorentz and gauge invariance is formulated.
The effective Lagrangian approach can be extended with systematic higher order cor-
rections, which is not possible for the anomalous couplings approach. The anomalous
couplings approach is, on the other hand, more general since it also describes new light
resonances leading to complex coupling strengths, while in the effective theory new
physics has to be at higher scales than the measurement.

Under the assumption that the anomalous couplings are constant and real, the anom-
alous coupling formulation is equivalent to that from an effective field theory. In this
thesis, both approaches have been used. The results are presented in the effective field
theory formulation, the Higgs characterisation framework [30].

In the following, the Higgs characterisation framework is introduced followed by an
overview of the anomalous couplings approach and a translation between both formal-

isms.
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1.4 Higgs boson couplings beyond the Standard Model

The Higgs characterisation framework

The scope of this thesis is the study of the tensor structure of the Higgs boson coupling
to gluons and weak gauge bosons, in particular to ZZ* in H — ZZ* — 4/ decays.
Potential non-SM couplings of the Higgs boson can be parametrised within an effective
field theory approach, the Higgs characterisation framework. An effective theory is a
low-energy approximation of the unknown full theory expected to be uncovered only
at higher energies. The new physics processes relevant at the higher energy scale are
integrated out. With this approach, no specific knowledge of the underlying theory is
necessary, i.e. effective theories provide model independent parametrisations of new
physics effects. In this thesis, the cut-off energy A up to which the effective theory can
be applied is assumed to be 1 TeV, as no new particles have been discovered up to

this energy scale.

The effective Lagrangian of the Higgs characterisation model describing the interaction

of a scalar field H with SM gauge bosons is given by

1 _
Zic Z{CaHSM [QQHZZZuZM + gaww WS W “} (1.36)

-7 [Ca"ingHwAWAW + Sa"AWQAwAwAW}
- [Ca/{HnygHZ'yZ;wA“y + SaﬁAZ'ygAZ'yZuuAlw]

a a,pv
[CaﬁHgggHgg ,usz M SaﬁAggQAggGuyG & ]
1

K [CQKHZZZMVZ + SaHAZZZuVZu ]
_ 11 + + W
A CQHHWV\/WMVW + SaHAWWwM,W

> Hl\ﬂl—‘ﬂk\l—‘#k\b—\l\’)\bﬂﬂk —

[’{HEHZ 8 AY + Kknoz 2y 8 ZH +/‘7H8W(W 8 W= HV+hC)] }H

The (reduced) electroweak field strength tensors V), and their dual tensors XN/W in

the approximation without self-coupling and the strong field tensors Gy, are given
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by
Vi =0,Vi —0,V,, (V= A,Z, W), (1.37)
~ 1
Viw =5 - Cupo - V", (1.38)
G, =0,G% — 0,G5 + gs f*°GLGS. (1.39)

The effective Lagrangian for the Higgs coupling to fermions is given in this framework
by

fgc = — Z {wf (Cakufgus + 1Sa KAFIAEY5) 1/Jf}H (1.40)

f=t,b,T

For simplicity, the first and second-generation fermions are assumed to be massless,
such that they do not couple to the Higgs boson.
CP symmetry is not required such that the Higgs particle may not be a CP-eigenstate.
The terms in the Lagrangian can be grouped into such with CP-even and CP-odd
transformation properties. Parameters of CP-even terms are denoted with index H and
those of CP-odd terms with index A indicating the CP-even and CP-odd admixtures
H and A of the BSM Higgs boson. The x parameters are coupling strength parameters.
The angle o describes the relative contributions of CP-even and CP-odd terms. The

following short notation is used:

Co = COS Q, Sq = sina. (1.41)

The first line in Equation [I.36] describes the SM Higgs to weak gauge boson V. =W, Z
coupling, while the BSM interactions to Z and W-bosons are given in the fifth and
sixth lines, respectively. The CP-even and CP-odd terms describing Higgs to ~,
Z~ and gg couplings are described in lines two to four, respectively. In the Higgs
characterisation model, these interactions are described by effective couplings, i.e. the
interaction is assumed to be point-like. In the SM, the couplings Hgg, HZ~ and
H~~ associated to CP-even terms appear at loop level. In the last line, the so-called
derivative operators are described, which can be understood as contact operators
HV ff ]49]. Only CP-even derivative operators are included, the CP-odd analogues
vanish [30]. With the exception of kg all couplings k are assumed to be real.

The coupling parameters g are defined in [30]. For x = 1 they reproduce the SM

couplings in case of CP-even terms and the couplings of a 2HDM with tan 5 =1 in
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1.4 Higgs boson couplings beyond the Standard Model

Table 1.4: Configuration of Higgs characterisation parameters in case of SM and BSM
ggF and VBF/VH production with subsequent H — VV (V. = Z W)

decays.

CakHgg SakAgg CalkSM CaKHVV  SaKAVV

Standard Model

ggF 1 0 1 0 0
VBF/VH 0 0 1 0 0

Beyond the Standard Model
gk 1 1 1 0 0
VBF/VH 0 0 1 1 1

the CP-odd case. The presence of CP-odd coupling terms with index A leads to CP

violating processes.

In this thesis, the BSM CP-even and CP-odd couplings to Z and W-bosons are probed,
it is assumed that the BSM couplings are correlated in the same way as in the SM,
i.e. CoRHVV = CakHZZ = CokHWW and SaKAVY = SakA7ZZ = SokAaww. In addition, the
effective Higgs to gluon coupling is probed on the presence of CP-odd admixtures, i.e.
SakAgg 7 0. Both scenarios are probed independently, all other BSM couplings are
assumed to vanish.

The parameter configurations recovering SM and BSM scenarios for ggF and VBF/V H
productions with H — V'V (V = Z, W) decays are summarised in Table [1.4] In the
SM case, the contributions of HZ~ and H~~ are neglected since they are very small in
comparison to tree-level HVV couplings. Two BSM scenarios are given in Table [I.4}
the CP violating ggF production due to BSM CP-odd contribution to the Higgs-gluon
coupling and BSM contributions to VBF/V H production with higher order CP-even
and CP violating CP-odd contributions to HZZ and HWW couplings in production

or decay.

Anomalous couplings approach

The anomalous couplings approach is a generic parametrisation of the scattering

amplitude. All possible tensor structures that are consistent with gauge and Lorentz
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invariance are included into a general scattering amplitude [50]
1 _
A(Xjm = VV) = = (glm%,é{e; + g fM O 4 gy D f*‘”*“’) (1.42)

that describes the interactions of a scalar boson with a pair of gauge bosons (VV = ZZ,
WW, Zv, vy and gg) with the gauge boson field strength tensor f&>** = el'qt — e/ gl
of a gauge boson with momentum vector ¢; and polarisation vector ¢; and its conjug-
ate fm — %e“”o‘ﬁfafg and coupling strengths ¢g; (i = 1,2,4) that are momentum
dependent form factors. The coupling strengths g; can in general be complex due
to contributions of new light particles. As no new physics has been observed at the
LHC, the coupling strengths are assumed to be real and constant. In the SM, the
only non-vanishing tree-level coupling is g1, which corresponds to Higgs to weak gauge
boson couplings. The term g9 is generated in the SM by loop processes and describes
the coupling of the Higgs boson with a pair of gauge bosons including processes where
at least one is massless, i.e. to vy, gg and Z~. The term g4 denotes the pseudoscalar

coupling to gauge bosons which is not present in the SM.

The anomalous coupling parametrisation is used in the Monte Carlo event generator
JHU [51}, 52|, which is employed in the shape-based tensor structure analysis described
in Section In addition, the CMS collaboration has used this parametrisation with
the nomenclature a1 = ¢1, as = g2 and ag = g4 for tensor structure measurements |16,
53-55]. The anomalous coupling and the Higgs characterisation framework formalisms
can be translated into each other under the assumption that the couplings g; are real
and constant:
92 1w

a = RHVV//@SM with Kgyvy = ZKKVHVV’ (1'43)

for the CP-even parameters and

94 lv

= = (Ravv/ksMm) - tana  with Kayy = = —kavv, (1.44)
g1 4 A

for the CP-odd parameters. The coupling parameters a1, g1 and coksMm, respectively,
correspond to the SM tree-level coupling, as, g2 and cokpyy to the CP-even BSM
term, and as, g4 and soKavy to the CP-odd BSM term.

The results of the CMS collaboration are expressed in terms of effective cross sections

fa; with values between 0 and 1, where f,, ;5 =20 corresponds to the pure SM scalar
and fa,,, =1 to the pure BSM CP-even/pseudoscalar state. In [29] (Section 11.4.2)
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1.5 Status of the Higgs boson measurements

and in 50| (in Section II) the coupling fractions are defined as follows:

_ /j:\/f (1.45)

where i = 2,3 and f,, =1— ), fa, corresponds to the effective SM tree-level contri-

a;
ai

bution. The effective cross section ratios % are calculated by computing the cross
section for one coupling parameter while all other coupling parameters are set to zero.
For the translation between parametrisations in this thesis the cross section values
in [53] are used: ¢} =2.77 and Z! = 6.53.

1.5 Status of the Higgs boson measurements

Since the discovery of the Higgs boson in 2012, many measurements have been performed
by the ATLAS and CMS collaborations based on data sets taken in the years 2011,
2012, and 2015 to 2017 at centre-of-mass energies of /s =7, 8 TeV and 13 TeV. The
LHC data sets are described in Chapter [2| In this section an overview of the current
status of the measurements of Higgs boson is given (see also [20]). So far, no significant

deviation from the SM prediction has been observed.

Higgs boson mass

The mass of the Higgs boson is a free parameter in the SM. Experimentally, the best
mass resolution relative to the Higgs boson mass my ~ 125 GeV of 1-2 % is obtained
in the four-lepton and diphoton final states, which can be fully reconstructed with
high precision. In other decay channels, like H - WW* — ¢vfv and H — 77, only
mass resolutions of 20 % and 15 %, respectively, are achieved. The Higgs boson mass

resolutions in the main decay channels are summarised in Table

A combination of the ATLAS and CMS Higgs boson mass measurements in H — v~
and H — ZZ* — 4/ decays based on the full Run-1 data sets collected in 2011 and 2012

at centre-of-mass energies of 7 and 8 TeV, gives a Higgs boson mass value of [56]

mg = 125.09 £0.21 (stat.) £ 0.11 (syst.) GeV. (1.46)
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Table 1.5: The Higgs boson mass resolutions relative to the Higgs boson mass
mpg ~ 125 GeV in the main decay channels |20|

Decay channel Mass resolution
H — ~y 1-2%
H— ZZ* — 4 1-2%
H — WW* = lvlv 20 %
H — bb 10%
H— 717 15%

Since then, ATLAS and CMS published separately results based on Run-2 data |57,
58]. In Figure the mass measurements are summarised. Once the Higgs boson
mass is determined, its width and the couplings to other SM particles are determined
by the theory.

Higgs boson width

The Higgs boson width in the SM of 4 MeV [29] is very small in comparison with the
resolution of ATLAS and CMS of 1-2 GeV in the H — ZZ* — 4¢ and H — vy decay
channels. At the LHC, the Higgs boson width can be constrained directly or indirectly.
A summary of the Higgs boson width measurements can be found in [20]| (Section
11.V.3).

Direct constraints on the width are obtained from the line shape of the Higgs boson mass.
Therefore, only upper limits on the Higgs boson width could be derived by ATLAS [60]
and CMS [55], which are three orders of magnitude larger than the SM width. A direct
lower limit has been obtained by the CMS experiment in H — ZZ* — 4¢ decays from
the average lifetime of the Higgs boson determined from the measured displacement of
the four-lepton vertex from the primary interaction point, which is compatible with
the predicted width [61].

Indirect constraints on the Higgs boson width can be obtained from a mass shift in the
diphoton channel [62-64] or from off-shell Higgs boson coupling measurements [65-69].
The latter measurements, performed by ATLAS [70] and CMS [61} 71|, are two orders
of magnitude more sensitive than the direct ones but rely on additional assumptions.

The ATLAS collaboration estimates that the Higgs boson width can be measured
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1.5 Status of the Higgs boson measurements

ATLAS and CMS  —+ Total [ | Stat. [ Syst.

7 TeV, 8 TeV and 13 TeV Tot. Stat. Syst
ATLAS H —yyRun 1 =) 126.02 £ 0.51 (+ 0.43 £ 0.27) GeV
CMS H —yyRunt1 g 124.70 + 0.34 (+ 0.31 £ 0.15) GeV
ATLAS H — 4lRun 1 — 124.51 + 0.52 (+ 0.52 + 0.04) GeV
CMS H — 4l1Run 1 —— 125.59 + 0.45 (+ 0.42 + 0.17) GeV

| ATLAS-CMS yyRuni B 125.07 + 029 (+ 0.25 + 0.14) GeV |
ATLAS-CMS 41 Run 1 B; 125.15 + 0.40 (+ 0.37 + 0.15) GeV

[ ATLAS-CMS Comb.Run1 | ® 125.09 024 (+ 0.21 £ 0.15) GeV |

| ATLAS H oyyRun2 & Fo  125.114042(: 0214036 GeV |
ATLAS H — 41 Run 2 124.88 + 0.37 (+ 0.37 + 0.05) GeV
CMS H —4lRun2 125.26 + 0.21 (+ 0.20 + 0.08) GeV

118 120 122 124 126 128 130 132
m,, GeV

Figure 1.10: Higgs boson mass measurements performed in the four-lepton and diphoton
final states by the ATLAS and CMS experiments with Run-1 and Run-2
data [59]. The correct systematic uncertainty of the Run-1 combination
of the ATLAS and CMS results is +0.11 instead of £0.15 GeV [56].
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with a precision of I'yy = 4.23:‘;’ MeV from off-shell couplings in H — ZZ* — 44

decays with a data set of 3ab™! [72] collected at the high-luminosity upgrade of the
LHC.

Higgs boson couplings

An essential new test of the SM is provided by the measurements of the Higgs boson
couplings to SM particles at the LHC. The most precise coupling measurement comes
from the combination of ATLAS and CMS results based on the Run-1 data sets [28|.
No significant deviation from SM predictions has been observed. Figure [I.11] shows
the expected linear dependence of the coupling strength on the particle mass over a

wide mass range.

The main Higgs boson production and decay processes have either been observed with
5o significance with the Run-1 data or there has been 3 o evidence with the exception
of ttH production (see Tables and . At the LHC, only the product of production
cross section times branching ratio can be measured. The rates of the different Higgs
boson production modes have been measured separately for each decay channel.
While the Higgs boson couplings to vector bosons were discovered already with Run-1
data, this was not the case for the coupling to fermions, both in decays (H — 77 and
H — bb) and in production (t£H). The Run-2 data already provided improvements
for the Higgs boson to fermion couplings. CMS reported independent observation of
H — 77 decays |73]. Both experiments found evidence for H — bb decays |74} 75] and
ATLAS evidence for ttH production [76].

Also searches for rare Higgs boson decays, e.g. H — Zv and H — uu, have been
performed by ATLAS and CMS |78-81]. Evidence for H — Z~ and observation of
H — py require 3ab~! of data to be collected at the high-luminosity upgrade of the
LHC (HL-LHC) [82, |83].
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Figure 1.11: The couplings of the Higgs boson to SM particles as a function of the
particle mass measured by the ATLAS and CMS experiments with Run-1
data from 2011 and 2012 (black points). The prediction of the SM is
indicated by the dashed blue line, while the best linear fit to the data is
shown in red with green (yellow) one (two) standard deviation uncertainty
bands [28|.
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Table 1.6: Observed and expected, in parentheses, signal significances for the main
Higgs boson production processes from ATLAS and CMS Run-1 data, and
ATLAS Run-2 data. The results are not reported by the authors, since the
significance exceeds 5o,

ATLAS CMS Combined
Significance Ref. Significance Ref. Significance Ref.
Obs. (Exp.) Obs. (Exp.) Obs. (Exp.)
Run-1
ggF not reported”  |77] 6.60 (7.40) [55] not reported’ |28
VBF 430 (380) 77| 3.70 (330) [55] 540 (4.60) |28
VH (V=2W) 260 (310) [17 270 (290) [55 350 (420) [28
tHH 250 (150) |77 350 (1.20) [55] 440 (2.00) [28]
Run-2 a
tHH 4120 (380) [76] - -
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Table 1.7: Observed and expected, in parentheses, signal significances for the main
Higgs boson decay channels from ATLAS and CMS Run-1 and Run-2. The

results are not reported by the authors, since the significance exceeds 5o'.

ATLAS CMS Combined
Significance Ref. Significance Ref. Significance Ref.
Obs. (Exp.) Obs. (Exp.) Obs. (Exp.)
Run-1
vy 520 (4.60) |77 5.60 (5.30) [55] not reported! [28]

(4.60) (5.30)
77 810 (6.20) [77] 6.50 (6.30) [55] not reported’  [28]
WW 6.50 (5.90) |77 4.70 (5.40) [55] not reported’ [28]
(3.40) (3.90)
(2.60) (260)

TT 450 (3.40) |77 3.80(390) [55] 5.50 (5.00) [2§]
bb 140 (260) |77 200 (260) [55] 2.60 (3.70) 28|
Run-2 -
TT - 490 (4.70) |73 -

bb 3.50 (3.00) |74 3.30 (2.80) |75 -

Run-1 +Run-2

TT - 590 (5.90) 73] -

bb — 3.80 (3.80) |75 -
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Higgs boson self coupling

The measurement of the Higgs boson self-coupling is an important probe of the Higgs
potential and of the electroweak symmetry breaking mechanism. Studies show that
it is very challenging to measure the trilinear coupling and impossible to measure
the quartic self-coupling even with the full data set of 3ab™! of the high-luminosity
upgrade of the LHC (HL-LHC) |20].

The trilinear Higgs boson self-coupling can be measured in Higgs boson pair production.
The ATLAS and CMS experiments performed studies of the prospects for measuring the
trilinear self-coupling in HH — bbyy, HH — bbrT and HH — bbWW events at the
HL-LHC. The most sensitive channel is HH — bby~, for which a signal significances
of the trilinear self-coupling measurement of 1.3¢0 and 1.6¢0 are expected by the
ATLAS [84] and CMS |[85] experiments, respectively.

Higgs boson spin and parity

In the SM, the Higgs boson is a scalar particle with even CP quantum number eigenstate.
Alternative hypotheses of a pure higher order scalar eigenstate, e.g. HV'V interactions
with corpvy # 0 and corsy = 0, a pure pseudoscalar, vector or pseudovector state,
and various spin-2 models have been excluded in favour of the SM expectation both by
the ATLAS and the CMS collaboration [14H16|. In the Lagrangian of a pure higher
order scalar eigenstate only CP-even terms are included that are of higher order than
the SM tree-level term with dimension four. Also the CDF and DO experiments at the

Tevatron found no significant deviations from the SM prediction [86].

The ATLAS and CMS Higgs boson spin and CP measurements have been performed in
H—Z7*— 4, H— WW?* — ¢vlv and H — 7 decays. Since the decay of a spin-1
particle into two massless vector bosons is forbidden by the Landau-Yang theorem [87,
88|, the spin-1 hypothesis is already excluded by the observation of H — 7 decays.
The Landau-Yang theorem, however, applies only for an on-shell resonance, i.e. in
the narrow-width approximation of the Higgs boson resonance. In addition, it is not
excluded that the two reconstructed photons in the H — v decays actually are a pair
of two collinear photons which cannot be separated experimentally. Therefore, the

spin-1 hypothesis has been tested [15].

In Figures and the distributions of the test statistic for probing the different
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Figure 1.12: Distributions of the test statistics for probing alternative spin-0 and spin-2
hypotheses against the SM prediction of a scalar, CP-even (J Lige 07) state
for the combined H — ZZ* — 4¢ and H — WW™* — {lvfv decays in the
full ATLAS Run-1 data set [14]. The distribution for the SM hypothesis

is shown in blue and for the alternatives in red.

spin-CP hypotheses against the SM hypothesis, measured by the ATLAS and CMS
experiments, are shown. The SM expectation is favoured in all cases. While pure
higher order scalar and pseudoscalar states have been ruled out, CP-even and CP-odd
admixtures from BSM physics to the predominately SM CP-even Higgs boson state
are still possible. This can be probed by measuring the tensor structure of Higgs boson
couplings. In this thesis, such measurements have been performed in H — ZZ* — 44

decays.
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Figure 1.13: Distributions of the test statistics for probing alternative spin-1 and spin-2

40

hypotheses against the SM prediction of a scalar, CP-even (J© = 0%)
state for the combined H — ZZ* — 40 and H — WW* — fvlyv decays in
the full CMS Run-1 data set . The distribution for the SM hypothesis
is shown in orange and for the alternatives in blue.



Chapter 2

The ATLAS experiment at the Large
Hadron Collider at CERN

In this chapter the ATLAS experiment at the LHC is described. First, the LHC
accelerator systems and experiments are introduced together with the CERN research
centre. This is followed by an overview of proton-proton collision physics. The ATLAS
detector and its subdetectors as well as the data taking conditions are described in the

last section.

2.1 The CERN accelerator complex and the experiments
at the Large Hadron Collider

CERN (Conseil Européen pour la Recherche Nucléaire) is the european centre for
particle physics. It was founded in 1954 and provides infrastructure for fundamental
research in the field of particle physics [89]. Located at the border between Switzerland
and France, CERN hosts a unique complex of particle accelerators (see Figure
including the world’s largest collider ring, the LHC.

The LHC is 26.7km in circumference and is located 45m to 170 m underground |91,
92|. For a large variety of research programs, the LHC collides protons up to energies of
13 TeV and heavy ions, lead nuclei, up to 5.02 TeV per colliding nucleon pair. Before
the protons or lead ions reach the LHC ring and are accelerated to their highest energies,

they are passing through a series of accelerators summarised in Table

First collisions at the LHC took place in 2008. Since then, there have been two very

successful periods of data taking referred to as Run-1 and Run-2. Run-1 spanned
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Figure 2.1: Overview of the CERN accelerator complex and experiments
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Table 2.1: Summary of the CERN accelerator complex for proton and lead ion collisions

at the Large Hadron Collider.

Step Proton acceleration Lead ion acceleration
Accelerator Beam Accelerator Beam
energy energy /nucleon
1. Linear Accelerator 2 (LINAC2) 50 MeV  Linear Accelerator 3 (LINAC3) 4.2 MeV
2. Proton Synchrotron Booster (PSB) 1.4 GeV ~ Low Energy Ion Ring (LEIR) 72 MeV
3. Proton Synchrotron (PS) 25 GeV PS 6 GeV
4. Super Proton Synchrotron (SPS) 450 GeV SPS 177 GeV
5. Large Hadron Collider (LHC) 6.5 TeV LHC 2.5 TeV

the years 2010 to 2012, when proton-proton collisions at energies of /s = 7 TeV

and /s =8 TeV took place. The second period, Run-2 at a centre-of-mass energy of
13 TeV, is still ongoing. Data taking started in 2015 and will continue until end of 2018.

Up to now, the LHC has been running at a maximum centre-of-mass-energy of 13 TeV

for proton-proton collisions and of 5.02 TeV per nucleon pair for heavy ion collisions.

The design collision energies of 14 TeV and 5.6 TeV, respectively, are expected to be
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2.2 Proton-proton collision physics

reached in the next years. More details on Run-1 and Run-2 run conditions and on the
data sets recorded by the ATLAS detector can be found in Sections [2.2.1] and [2.3.5],

respectively.

In total, seven experiments are located along the LHC ring. ATLAS and CMS are
multi-purpose detectors with a large variety of physics topics including the study of
the Higgs boson. The ALICE experiment [93] is studying quark-gluon plasma and
the LHCD experiment is focusing on b-hadron physics [94]. ATLAS and CMS have
specifically been designed for the search for the Higgs boson. On the 4th July 2012,
the discovery of a new Higgs-like boson was announced by ATLAS and CMS |1} [2].
Peter Higgs and Frangois Englert were rewarded the Nobel price for physics in 2013
for the formulation of the Higgs mechanism [7-12]. Three smaller experiments are
located next to the larger detectors. LHCT [95], next to ATLAS, is studying the forward
production of particles in the direction of the beam pipe. MoEDAL [96]|, next to
LHCb, is searching for magnetic monopoles. And TOTEM [97], in the same cavern as
CMS, measures the total proton-proton cross section and studies elastic scattering and

diffractive processes in forward direction.

In this thesis proton-proton collision data taken with the ATLAS detector are stud-
ied.

2.2 Proton-proton collision physics

The number N of events produced by a certain process at a collider, e.g. Higgs boson
production, is the product of the cross section ¢ of the process and of the integrated
luminosity:

N=1L-o. (2.1)

While the cross section is specific to the process, the luminosity is solely a property
of the collider. In order to probe interesting processes with small cross sections and
to find signals over a possibly large background, a large number of events, i.e. high

luminosity, are beneficial.
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2.2.1 Luminosity

The instantaneous luminosity measures the number of proton-proton interactions per

unit cross section and time 98| and is given by

(2.2)

ny N1 IN- 1
Linst:fb12 [ ]

Y2y s cm?

It is proportional to the bunch collision frequency f, the number of bunches per beam
np and the number of protons per bunch N; (i = 1,2). The widths of the horizontal
and vertical beam profiles at the point of collision are ¥, and X, respectively. For high

instantaneous luminosities highly focused beams, e.g. small ¥/, , are necessary.

The run conditions for the LHC in the data taking period from 2010 to June 2016 are
summarised in Table For this thesis data from 2011 until December 2016 are used.
The LHC is designed for n; = 2808, a bunch frequency of f = 25ns and N = 1.15- 10!
protons per bunch. Design instantaneous luminosities of the LHC are 103* cm=2s~!
for proton-proton collisions and 1027 ¢cm~2s~! for heavy ion collisions [91]. Both values
have been reached in 2016 [99).

Table 2.2: Overview of the LHC run conditions [100].

Parameter Run-1 Run-2 Design
2010 2011 2012 2015 2016  value
(until
June)
Beam energy 3.5 3.5 4.0 6.5 6.5 7.0
Maximum number of bunches ny 368 1380 1380 2244 2076 2808
Minimum bunch spacing 1/f [ns] 150 50 50 25 25 25
Protons per bunch N [10! protons] 1.0 13 15 1.1 1.1 1.15
(average at start of collisions)
Peak inst. luminosity Li,s [10%* em™2s71] 0.021 035 0.77 0.51  1.01 1.0

Integrated luminosity delivered L [fb™!] 0.048 5.5 228 4.2 8.1 -

The number of collision events available for analysis is determined by the integrated

luminosity L, which is the time integral of the instantaneous luminosity:

L= / Linsr dt [Crlnz,} (2.3)
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The integrated luminosities delivered by the LHC in the years 2010 to June 2016 are
also listed in Table 2.2

2.2.2 Proton-proton collision cross section and parton distribution
functions

At the LHC protons are collided, which are bound states of three valence quarks
(uud), sea quark-antiquark pairs and gluons. Quarks and gluons are subject to the
strong interaction described by QCD (see Section [1.1)). The hard-scattering process in
proton-proton collisions at high energies takes place between the proton constituents,

quarks and gluons or partons, and can be described by QCD perturbation theory.

Each parton carries a fraction x of the total proton momentum. The parton distribution
function (PDF) f(z) is the probability density distribution of the momentum fraction
of each particle type. At leading-order (LO) in QCD, the total proton-proton cross

section is given by
1 1
mor = [ oy [ a3 ) fy(aa) i (oraas) (2.4
0 0 pp
ij

with the parton distribution functions f;(z1) and f;(z2) of the colliding partons i
and j, the LHC centre-of-mass energy /s, and the cross section ¢ of the parton
interaction taking place at energy /z1x2s. The parton distribution functions cannot
be calculated perturbatively. Instead they have to be determined from deep inelastic
electron /neutrino-proton scattering and proton-(anti)proton collider data, e.g. from

Drell-Yan gauge boson and inclusive jet production measurements.

The parton distribution functions measured at a certain energy scale @) are extrapolated
to the LHC energies using the DGLAP evolution equations |[I01H103| at a certain
order of QCD correction. Parton distribution functions are provided by dedicated
groups as so-called PDF sets, which are for instance CT [104], MMHT [105] and
NNPDF [106, 107]. For the LHC measurements, the available PDF sets are combined
to the so-called PDF4LHC set [108|. In Figure the proton PDFs are shown for
energies of s = Q2 = 10 GeV? and 10* GeV2. The main fraction of the proton energy
is carried by gluons, followed by sea and valence quarks. The gluon and sea quark PDFs
increase rapidly towards small x, while the valence quark PDFs peak at a momentum

fraction of about x = 0.1. The gluon and sea quark PDFs have a large uncertainty
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Figure 2.2: The MMHT2014 PDF sets at next-to-next-to-leading-order (NNLO) QCD
at centre-of-mass-energies s = Q% = 10 GeéV? (left) and 10* GeV? (right)
with 68 % confidence level uncertainty bands \\

especially at small z. At LHC energies, momentum fractions of the colliding partons
in the range z = 1073 — 10~! are most relevant. Therefore, production processes are

often dominated by gluon fusion.

In Figure cross sections of different processes produced in proton-(anti)proton
collisions are shown over a wide range of centre-of-mass energies. Interesting processes,
such as Higgs boson production, are many orders of magnitude below the total proton-
(anti)proton cross section. Therefore, high-collision rates and a selective trigger system
are needed in order to sort out interesting events from the large QCD background (see
Sections [2.3.2] and [2.3.5)).
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Cross sections of selected processes (left y-axis) and corresponding event
rates at an instantaneous luminosity of L, = 1033 cm ™21 (right y-axis)
as a function of the centre-of-mass energy at hadron colliders [109]. The
break in the cross section curves is at the transition from proton-antiproton
(at the Tevatron) to proton-proton collisions (at the LHC).
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2.3 The ATLAS detector

The ATLAS detector [94] is a multi-purpose detector for high-energy physics at the
LHC. The main goal of the ATLAS experiment was to find the Higgs boson in proton-
proton collisions at the LHC, which was achieved in 2012. Other motivations for the
experiment are SM precision measurements and the search for physics beyond the
Standard Model (BSM). Also studies of heavy ion collisions at the LHC are performed.
The components of the ATLAS detector are described after the introduction of the
ATLAS coordinate system and nomenclature. The particle reconstruction in the
ATLAS experiment is discussed in Chapter [3]

2.3.1 Nomenclature
ATLAS coordinate system

The nominal proton-proton interaction point is the origin of the coordinate system
(see Figure . The z-axis is pointing along the beam direction and the z-y plane
is transverse to it with the positive z-axis pointing towards the centre of the LHC
ring and the positive y-axis pointing upwards. The azimuthal angle ¢ is measured
around the beam axis and the polar angle 6 from the beam axis as shown in Figure [2.4]
The transverse momentum pp and the transverse energy Et are the projections of the

momentum p and energy E vectors in the transverse plane:

pr = |p] - sin0, (2.5)
Er = |E| - sin6. (2.6)

LHC Ring
ATLAS

Figure 2.4: Illustration of the ATLAS coordinate system in Cartesian (left) and polar
coordinates (right) [110].
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Pseudorapidity and rapidity

Instead of the polar angle 6, the pseudorapidity

n = —Intan (z) (2.7)

illustrated in Figure [2.5]is frequently used which is defined symmetric with respect to
the transverse plane. Large values of |n| correspond to small angles to the beam, while
1 ~ 0 is close to the transverse plane. For massive objects, in particular for jets, the
rapidity is used:

1. E+p,

= -1 .
4 QHEpr

(2.8)

For massless objects i becomes equal to the rapidity y.

Figure 2.5: llustration of relation between polar angle 8 and pseudorapidity n where
r = \/x2 + y?2 is the radius parameter in the transverse plane.

Angular distance

The angular distance between two objects is given by

AR = \/An? + Ag?, (2.9)

with the distances An = (71 —n2) and A¢p = (¢1 — ¢2) in pseudorapidity and azimuthal

angle.
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Impact parameter

A measure for the association of tracks to the primary, hard-scattering vertex and to
secondary vertices displaced from the primary vertex are the transverse and longitudinal
impact parameters illustrated in Figure [2.6] The transverse impact parameter dg is
defined as the distance of closest approach to the beam axis, while the longitudinal

impact parameter zg is the z-coordinate of the point of closest approach.

'

20

Figure 2.6: Illustration of transverse (left) and longitudinal (right) track impact
parameters.

Energy-momentum conservation in the transverse plane

At hadron colliders, e.g. the LHC, composite particles collide. The longitudinal
momenta of the incoming partons in the hard-scattering process are unknown and
the fragmentation products of the partons not participating in the hard-scattering
process leave the interaction region undetected in the direction of the beam pipe. Thus,
energy-momentum conservation can only be employed in the transverse plane. The

sum of the transverse momenta of all final state objects has to be zero,

> pr; =0, (2.10)

final state
objects

because the incoming partons in the collisions have no transverse momenta. This is
helpful for the reconstruction of neutrinos or new particles, which leave the detector
undetected. They can be detected due to the imbalance in the transverse momentum

and energy. The missing transverse energy corresponding to the energy of undetected
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particles is given by

B =—| 3" pry|. (2.11)

final state
objects

Parameters in the transverse (z-y) plane are therefore an important quantity for physics

analysis.

2.3.2 Detector components

An overview of the ATLAS detector is shown in Figure 2.7 With a length of about
44m and a diameter of 25 m it is the largest collider detector built so far. The detector
covers almost the full solid angle and is forward-backward symmetric with respect to
the beam direction.

The inner tracking detector is closest to the beam line, followed by the electromagnetic
and hadronic calorimeters which measure the energies of electromagnetically and
hadronically interacting particles. The muon spectrometer which determines the size
of the ATLAS detector surrounds the calorimeters. The magnet system of the ATLAS
detector consists of two superconducting magnets, a solenoid and a toroid magnet.
The first one surrounds the inner detector, while the second belongs to the muon
spectrometer.

In the following, all ATLAS subdetector systems and the trigger and data acquisition
system are explained. The detector stayed mostly the same during the two LHC runs,
except that a new innermost pixel detector layer, the Insertable B-Layer, and additional
muon chambers were inserted during the 2013-2014 shut down when the LHC was
upgraded from /s = 8 to 13 TeV.

Magnet system

A special feature of the ATLAS detector are the two superconducting magnet systems.
A thin solenoid magnet surrounds the inner detector producing a magnetic field strength
of 2T. The second one is part of the muon detector and consists of three air-core
toroid magnets with eight coils each one in the barrel and one in each endcap region
(see Figures and . They provide a magnetic field with a bending power of
~ 2.5 Tm in the barrel region (|n| < 1.05) of the muon spectrometer and of up to 6 Tm
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Figure 2.7: Schematic view of the ATLAS detector [111].
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Figure 2.8: Photo of the barrel toroid magnet of the ATLAS detector with its eight
superconducting coils \\

in the endcaps (extending up to |n| = 2.7). The air-core toroid magnetic field allows

for precise muon momentum measurement independent of the inner detector.

Inner detector

The inner detector provides high precision track measurement of charged particles in
the 2 T solenoid field. It consists of three subdetectors (see Figure 2.9): The silicon pixel
detector is surrounded by the silicon strip detector layers of the semiconductor central
tracker (SCT) and the transition radiation tracker (TRT). Between Run-1 and Run-2
an additional inner pixel layer, the Insertable B-Layer (IBL) was installed between a
new beam pipe with smaller radius and the already existing pixel tracker. It was added
in order to provide measurements closer to the interaction point which improves track
vertex reconstruction and identification of b-jets . In addition to continuous
tracking the TRT provides the electron identification in up to 36 layers of straw drift
tubes by means of the characteristic emission of transition radiation. It covers a
pseudorapidity range of |n| < 2.0, while the SCT provides precise track reconstruction
up to |n| = 2.5. The inner detector measures the momenta of charged particles in the

2T solenoid magnetic field with a resolution of o, /pT = 0.05 % pr & 1 %.
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Figure 2.9: Cut-away views of the ATLAS inner tracker [115]. The bottom part shows
an enlarged view of a section of the barrel part
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Electromagnetic and hadronic calorimeters

The energies of particles are determined by the calorimeter system. The particles
are stopped in the calorimeter loosing their energies in interactions with the detector
material and producing particle showers. The energy of the initial particle is determined
from the energies of the shower particles. The calorimeter system consists of two
subsystems: the energies of electromagnetically interacting particles, especially electrons
and photons, are measured in the electromagnetic calorimeter, while hadrons interacting
via the strong force are stopped mostly in the surrounding hadronic calorimeter.

The ATLAS calorimeter system covers the solid angle up to |n| = 4.9. It consists of the
following components (see Figure : the electromagnetic calorimeter surrounds the
inner detector covering |n| < 3.2, it is followed by the hadronic calorimeters. Including
the forward calorimeter they cover the solid angle up to |n| = 4.9. The electromagnetic
calorimeter, which is divided into a barrel part within || < 1.475 and two endcaps
covering 1.375 < |n| < 3.2, uses liquid argon as active medium and lead as absorber
materials. The hadronic calorimeter employs steel as absorber and scintillating tiles
as active medium in the barrel region (|n| < 1.7), while the two hadronic endcap
calorimeters in the region 1.5 < |n| < 3.2 use copper and liquid argon, respectively.
The two forward calorimeters in the range 3.1 < |n| < 4.9 use copper and liquid argon,
and tungsten and liquid argon for electromagnetic and hadronic shower measurements,
respectively. In total, the calorimeters contain more than 188000 readout channels and
provide an energy resolution of og/FE = 10%/vE @ 0.7% in the electromagnetic and
of og/E =50%/VE & 3% and op/E = 100%/vE @ 10 % in the barrel and endcap

hadronic calorimeters.

Muon spectrometer

The muon spectrometer, depicted in Figure [2.11] is the outermost subdetector defining
the large dimension of the ATLAS detector. Muons are the only charged particles that
pass the calorimeter system. The ATLAS muon system is designed to detect muons
with high efficiency in the pseudorapidity range |n| < 2.7 and measure their momenta
with high precision in the magnetic field of the three toroid magnets. It consists of
a barrel part with |n| < 1.05 and two endcap regions in the range 1.05 < |n| < 2.7.
High precision muon tracking is performed in three layers of Monitored Drift Tube

(MDT) chambers. For |n| > 2, the inner layer consists of Cathode Strip Chambers
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Figure 2.10: Schematic view of the electromagnetic and hadronic calorimeters of the
ATLAS detector [116].

(CSC) instead of MDTs.

During the shut down after LHC Run-1, the muon spectrometer was equipped with
additional MDT chambers in the transition region between barrel and endcaps in
the range 1.0 < |n| < 1.4. Additional small-diameter Muon Drift Tube (sMDT)
chambers with a doublet of RPC chambers (see below) were installed in access
shafts in the barrel bottom middle layer. Dedicated fast chambers, Resistive Plate
Chambers (RPC) in the barrel and Thin Gap Chambers (TGC) in the endcaps, provide
level-1 muon trigger signals up to || = 2.4 and position measurement along the drift
tubes. The muon spectrometer is designed to achieve a relative muon momentum
resolution of better than 3 % over a wide range of transverse momenta and almost 10 %
at pr =~ 1 TeV.

56



2.3 The ATLAS detector

Thin-gap chambers (TGC)
7 Cathode strip chambers (CSC)

= |

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 2.11: Cut-away view of the muon spectrometer of the ATLAS detector [118|.

Trigger and data acquisition system

In ATLAS, a multi-level trigger system is employed [119, [120]. The schematics of the
Run-2 trigger system is shown in Figure 2.12] It consists of a hardware-based level-1
trigger and a software-based high-level trigger (HLT). The Run-1 trigger system was
similar, except that the high-level trigger was split into two stages. The event rate is
reduced from 40 MHz, the proton bunch collision frequency, to 100 kHz by the level-1
trigger, and further to about 1.5kHz by the HLT resulting in a data rate of 1.5 GB

per second written to long-term storage.
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Figure 2.12: Schematics of the trigger and data acquisition system of the ATLAS

detector for Run-2 ||

2.3.3 Pile-up

In addition to the hard-scattering process, that is triggering the event, on average
24 collisions per bunch crossing occur at the present maximum LHC luminosity, an
effect called pile-up. The amount of pile-up events depends on the run conditions
and increases with the instantaneous luminosity. In Figure the mean numbers
of interactions per bunch crossing in the years 2011, 2012, 2015 and 2016 are shown.
On average 9, 21 and 23 interactions per crossing have taken place in the runs with
Vs =7,8 and 13 TeV, respectively. The maximum number of pile-up interactions can

be twice as large.

These additional collisions can be viewed as a background of soft energy depositions,
which affect the ATLAS object reconstruction. The following pile-up effects affecting the

detector performance can be distinguished: In-time pile-up, which arises from additional
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Figure 2.13: Distributions of the mean numbers p of inelastic interactions per proton-
proton bunch crossing for data taking in 2011 and 2012 (left), and for the
runs in 2015 and 2016 (right).

proton-proton interactions in the same bunch crossing as the hard scattering process,
and out-of-time pile-up, which is due to residual signals in the ATLAS calorimeter
bunch-crossings before and after the triggering event. Especially the liquid argon
calorimeters are affected by out-of-time pile-up. Large effort has been spent to make

the reconstruction performance as independent as possible of the pile-up level.

2.3.4 Luminosity measurement

The number of expected events of a process is directly proportional to the integrated
luminosity delivered by the LHC (see Equation . Precise knowledge of the luminosity
is needed for the determination of cross sections. Dedicated detectors are employed to
independently determine the luminosity [98| which is given by
R
Linst = —"<, (2.12)

Oinel

with the rate of inelastic collisions R;,.; and the cross section ;¢ for inelastic proton-
proton scattering. The inelastic collision rate depends on the number of proton bunches
ny colliding at frequency f and on the mean number p of inelastic interactions per

bunch crossing:
Rinel = nbf,u- (213)
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Inserting Equation into Equation gives

inel Oinel

Linst =

where the only unknown quantity to be measured is the ratio %l While p is directly
measured by different subdetectors (see Figure [2.13), the connection with o, is
determined with the luminosity calibration in van der Meer scans [122] (see below).

Three types of algorithms are used for the measurement of p:

1. Event counting algorithms use the number of events satisfying a given selection

requirement.

2. Hit counting algorithms use the number of hits, active electronic channels or
energy deposits above a certain threshold, in a given sub- or luminosity detector

per bunch crossing.

3. Particle counting algorithms use the number of particles (reconstructed tracks)

in a given sub- or luminosity detector per bunch crossing.

For ATLAS physics analysis, mostly event counting methods are used. There are
two dedicated luminosity detectors, the BCM (Beam Conditions Monitor) located
in the inner detector, and the LUCID (LUminosity measurement using a Cherenkov
Integrating Detector) at high pseudorapidities in the beam pipe in front of the forward
calorimeters [94].

The absolute luminosity is calibrated with beam separation scans, so-called van der
Meer scans [122], where the two beams are moved with respected to each other in
horizontal (x) and in vertical (y) direction to measure the horizontal and vertical beam
profiles ¥, and 3,. With this input the luminosity can then be computed by using
Equation [2.2

The luminosity of the analysed Run-1 data in 2011 and 2012 is measured with a
precision of 1.8 % [123| and 2.8 %, respectively, while the luminosity uncertainty for
the Run-2 data set is 3.2 % [98].

2.3.5 Data taking periods

An overview of the luminosities delivered by the LHC and recorded by ATLAS in the
years 2011, 2012, 2015 and 2016 is shown in Figure 2.14 and Table[2:3] The data taking
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Figure 2.14: The total integrated luminosity delivered by the LHC (green) and recorded
by ATLAS (yellow) as a function of time in proton-proton collisions at 7
and 8 TeV centre-of-mass energies in 2011 and 2012 [124](top left) and at

13 TeV in 2015 (top right) and 2016 (bottom) [99].

efficiency of ATLAS was high, around 93.5% for Run-1 and 92.4 % for Run-2 |99/
124]. The Run-1 data set (without the data from 2010) and the Run-2 data set until
December 2016 has been analysed in this thesis. The data sets relevant for this thesis

are summarised in Table 2.3

Table 2.3: Overview of the ATLAS data sets used in this thesis.

Data set N L Data taking
period

Run-1 7 TeV and 8 TeV  4.5fb~! and 20.3fb—1 2011, 2012

Run-2 13 TeV 36.1fb~1 2015, 2016
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2.3.6 Simulation framework

The measurements have to be compared with the prediction using detailed simulation of
the theoretical matrix element calculation and of the detector response and performance.
The ATLAS experiment uses a multi-step software framework [125] for the simulation
of physics processes in proton-proton collisions at the LHC and of the detector response.

It consists of:

1. Event generation:
Monte Carlo event generators are used to model the hard-scattering process.
The hadronisation of final state quarks and gluons as well as initial and final
state radiation are simulated with dedicated parton shower programs that are
interfaced to the event generators. The simulation of the parton showers and of

the fragmentation are tuned to measurements.

2. Simulation of the ATLAS detector:
The final state particles of the generated events are tracked through the materials
and subdetectors of ATLAS using the GEANT4 program [126].

3. Digitisation of the detector response and object reconstruction:
The energy depositions in the detector elements are converted into electronic
signals and digitised and afterwards reconstructed in the same way as the real
data.

4. Pile-up:
Finally, the effects of multiple proton-proton collisions in the same or adja-
cent bunch crossings (pile-up) are taken into account by overlapping simulated
minimum-bias events generated with PYTHIA 8 [127] using the PDF set
MSTW2008LO [128] and with the parton shower simulation tuned to data
using the A2 parameter set [129]. The mean number of interactions per bunch

crossing is matched to the data by weighting the simulated pile-up events.

The detailed simulation programs used for this thesis are discussed in Section
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Particle reconstruction with the ATLAS

detector

The methods and performance of particle reconstruction with the ATLAS detector are
described in this chapter. The reconstruction, identification and energy-momentum
calibration of electrons, muons, hadron jets and b-quark jets relevant for this analysis
are explained followed by a discussion of the lepton isolation requirements. The specific
analysis-related selection requirements for the reconstructed objects are summarised in
Chapter [4]

3.1 Lepton isolation

The amount of lepton isolation is important for electron and muon identification in
multi-particle final states, especially with jets. Leptons produced in prompt decays of
heavy particles such as the Z-boson, are produced isolated, i.e. without other particles
in their vicinity. On the other hand, non-prompt leptons produced in decays of hadrons
in jets are usually surrounded by detector activity from other hadrons or hadron decay
products. The following two isolation variables are used to suppress the background

processes with non-prompt leptons:

Track-based isolation: Sum of the transverse momenta pir of all charged
particle tracks within a cone of size AR around the lepton candidate direction

divided by the transverse momentum pllfp ton,

i track lepton
Itrack = Z P bt . (31)
AR(i,lepton)<AR
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The pr of the lepton candidate is excluded from the sum.

Calorimeter-based isolation: Sum of the transverse energies of the calorimeter
clusters around the lepton candidate direction divided by the transverse energy

ElTep ton of the lepton which is subtracted from the sum:

i,cluster lepton
Icalo = Z ET /ETp . (32)
AR(i,lepton)<AR

Pile-up corrections are applied.

In the H — ZZ* — 44 selection described in Chapter [4] electrons and muons are
required to be isolated. Similar to the lepton identification efficiency scale factors, that
are described in the following, scale factors for isolation efficiency differences between

data and simulation are applied.

3.2 Electron reconstruction

The electron track is bent in the solenoid magnetic field, is measured in the inner
detector. After traversing the inner detector, electrons deposit their whole energy
in the electromagnetic calorimeter by producing electromagnetic showers. Electron
candidates are reconstructed by combining inner detector tracks with energy clusters
in the electromagnetic calorimeter [130} 131]. The radiative energy losses in the inner
detector due to Bremsstrahlung processes are taken into account in a re-fit using the

Gaussian Sum Filter algorithm [132].

The ATLAS electron identification distinguishes between prompt electrons and back-
ground electrons from misidentified hadron jets, photon conversions, Dalitz decays
of pions and semi-leptonic heavy-flavor hadron decays. Three electron identification
criteria, working points, with increasing background rejection are used: loose, medium
and tight. The requirements are based on inner detector and calorimeter measurements
including track quality, electromagnetic shower shapes and quality of track-cluster
matching. While the electron identification for the 2011 data set at /s = 7 TeV is
cut-based, an improved identification algorithm based on a likelihood discriminant [130]

is used for the remaining data sets.

The identification efficiencies at the three working points are determined by means
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of a tag-and-probe method. Pairs of electron candidates from Z — ete™ decays are
selected by requiring that their invariant mass is consistent with the Z-boson mass,
i.e. that 75 < me. < 105 GeV. The tag electron has to fulfil the tight identification
criteria in addition to the trigger requirements and pr > 25 GeV within |n| < 2.47.
The so-called probe electron is the second reconstructed electron candidate. Here, no
identification criteria are imposed. The identification efficiency € at a specific working

point is given by the ratio of the number of probe electron candidates identified at

that working point N;fzgff ied , and of the total number of probe electron candidates
Nprobe: ' o
deentzfzed
e= —frobe (3.3)
N, probe

The efficiencies are determined as a function of the transverse energy Er and pseu-
dorapidity 1 of the probe electron. The number of probe electrons in Z — ete™
and background events is determined from a fit to the dielectron invariant mass

distribution.

The electron identification efficiency measurements for Run-2 used for this thesis are
based on Z — eTe™ events in 2015 data corresponding to an integrated luminosity of
85pb~! [131]. For the Run-1 analysis, a data set of 20.3 fb~! recorded at /s = 8 TeV
is used, combining Z — e*e” events and J/¥ — eTe” decays [130|. The efficiency
measurements for Run-1 and Run-2 agree very well. The electron identification
efficiencies for the loose, medium and tight identification criteria in Run-2 are shown in
Figure as a function of Ep and 7. The efficiency is increasing with Er due to lower
background rates at high transverse energy. The n-dependence of the efficiency follows
the material distribution in the inner detector and the calorimeters. In particular, the
efficiency drops in the transition region between the barrel and endcap electromagnetic
calorimeters around |n| = 1.5. The average measured efficiencies for the loose, medium
and tight selection are about 95 %, 90 % and 85 %, respectively. The measured electron
identification efficiencies differ in general from the simulated values due to detector
mismodelling. Each simulated electron candidate is therefore weighted by the scale
factor SF® defined as the ratio of the measured and the simulated electron efficiency in

Z — ete” decays:
6data(n’ ET)

SFé¢ = ————~——~.
eMC(n, Ex)

(3.4)

The uncertainties on the scale factors are taken into account in the analysis as experi-

mental uncertainties.
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Figure 3.1: Electron identification efficiency for loose, medium and tight identification
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3.3 Muon reconstruction

The electron energy is calibrated using the Z-boson mass reconstructed in Z — ete™
decays as a constraint [133|. The calibration uncertainty is about 0.05 % over a wide
phase space region, rising up to a maximum of 0.2% in detector regions with large
amount of passive material and to 1% for electrons with pp < 10 GeV. The transverse

energy resolution of electrons is determined with 10 % accuracy.

3.3 Muon reconstruction

Muons are the only particles from the interaction point which reach the muon spectro-
meter. All other particles (except neutrinos) are absorbed in the calorimeter system.
The muon reconstruction methods are the same for all analysed data sets, but with
improved reconstruction software for Run-2. The muon reconstruction relies on tracks
measured in the inner detector and the muon spectrometer. In the central detector
region (|n| < 0.1), where there is a gap in the muon spectrometer coverage, min-
imum ionising depositions in the calorimeters are used for muon identification. Four
types of muon candidates are defined based on the subdetector information used 134,
135]:

Combined muons: Majority of reconstructed muons. The muon tracks
measured in the inner detector and in the muon spectrometer are

combined using a global track refit.

Segment-tagged muons: The inner detector track is combined with a

track segment in one or more layers of the muon spectrometer.

Stand-alone muons: This algorithm is used to extend the muon acceptance
in the region where no inner detector measurement is available, i.e.
for 2.5 < |n| < 2.7. Only the stand-alone measurement of tracks in
the muon spectrometer and no inner detector information is used.
Impact parameter information is obtained by extrapolating the muon
spectrometer track to the beam line. The measured muon momenta

are corrected for expected energy losses in the calorimeters.

Calorimeter-tagged muons: The inner detector track is combined with
an energy deposition in the calorimeter, that is compatible with a
minimum ionising particle. This reconstruction algorithm provides

the lowest purity, but it extends the muon acceptance into the central
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detector region with || < 0.1 where the muon spectrometer is only

partially instrumented.

If a muon is reconstructed by two or more algorithms, only one of the respective muon
tracks is chosen. Overlaps are resolved giving priority to combined, then segment-tagged
and, at last, calorimeter-tagged muons. In the case of overlaps between stand-alone
muons, the ones with better track fit quality and with larger numbers of subdetector

hits are preferred.

The ATLAS muon identification separates prompt muons from fake muons originating
mainly from pion or kaon decays. Discriminating variables are the quality of the
track fit and, if applicable, the compatibility of inner detector and muon spectrometer
momentum measurements. In addition, a minimum number of hits on the track in the
inner detector and the muon spectrometer is required.

Similar to the electron identification, different identification working points with
increasing purity are used: loose, medium and tight muon candidates. Muons with
higher quality always form subsets of collections with looser requirements. In the
H — ZZ* — 4f analysis, the loose working point is used aiming at a maximum
efficiency. Loose muons comprise all muons reconstructed by the four reconstruction
algorithms. Good muon quality is ensured by requirements on the quality of the
muon spectrometer and inner detector track matching for combined muons, as well as
on the minimal number of subdetector hits for all muon types. The Medium muon
collection consists of combined and stand-alone muons passing the loose requirements,
segment-tagged and calorimeter-tagged muons are omitted in this class. The tight

collection maximises the muon purity. Only combined muons are used.

The muon identification efficiency at a given working point, is determined using two
different methods for muons within the inner detector acceptance (|n| < 2.5) and
outside (2.5 < |n| < 2.7). In the former case, a tag-and-probe method, similarly as
in the case of electrons, is applied. For low-pr muons with 4 GeV < pp < 12 GeV,
J/¥ — putu~ events are used, while for high-pr muons with pr > 12 GeV Z — putu~
decays are analysed. Dimuon candidates are required to have invariant masses close to
the mass of the resonance. The tag muon is required to pass medium identification,
isolation and trigger requirements, while the probe muon is either an inner detector
track, muon spectrometer track or a calorimeter-tagged muon. For medium and tight
identification efficiencies, the probes are calorimeter-tagged muons. The efficiency is

calculated in two steps. First the efficiency e(medium /tight|CT) of measuring an
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inner-detector track using calorimeter-tagged probe muons is calculated, which then is
corrected by multiplying with inner-detector track reconstruction efficiency e(ID|MS)

determined using muon-spectrometer probes:
e(medium / tight) = e(medium / tight|CT) - e(ID|MS). (3.5)

For the loose identification efficiency determination, reconstructed muons are separated
into calorimeter-tagged muons within |n| < 0.1 and all other muons. Muon spectrometer
tracks are used as probes for || < 0.1, while the efficiency in the rest of the n-range
is calculated as for the medium and tight collections. The muon efficiencies are given

Nidenti fied

probe of probe muons that are reconstructed as loose,

by the ratio of the number

medium or tight, to the number Ny.q. of all probes:

identified
€ = NPTL (3.6)
Nprobe
The numbers N;figiif ied and Nprope are estimated using a maximum-likelihood fit with

J/¥ — pp data. For Z — pp events, background contributions are subtracted from

the measured values N'dertified

probe and Npyope-

Efficiency differences between data and simulation are corrected for physics analyses

by weighting simulated muons by a scale factor

edatao77 ¢)
eMC(n,¢)’

The uncertainty on the scale factor contributes to the systematic uncertainty.

SFH = (3.7)

For muons in the high-n region (|n| > 2.5), the identification efficiency is not calculated
using the tag-and-probe method. The number of observed muons in the high-n region
in Z — puTp~ events is normalised to the one in a nearby central detector region
(2.2 < |n] < 2.5). All central muons are corrected as discussed in the previous paragraph.
This ratio is calculated for simulation and data, and the double-ratio is applied as scale

factor in physics analyses [134].

Data sets with an integrated luminosity of 20.3 fb~! collected in 2012 and with 3.2 fb~!
in 2015 are used for the measurement of muon identification efficiencies for analyses
of Run-1 and Run-2 data, respectively. The Run-2 muon identification efficiencies for

loose and medium muon identification criteria in the central detector region (|n| < 2.5)
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are shown in Figure 3.2l The Run-1 results are very similar. The efficiency of the
medium working point decreases rapidly in the region |n| < 0.1. It is recovered by using
loose identification which also takes segment-tagged and calorimeter-tagged muons into
account. The loose efficiency is above 99 % almost independent of the muon pr and 7.
The muon efficiency in the forward region (|n| > 2.5) is above 95% over most of the
transverse momenta range. As in the case of the electron identification efficiency, the

ratio of data to simulation is applied as correction factor to the simulated events.

The muon momentum scale is calibrated using the invariant mass of the muon pairs
in J/¥ and Z-boson decays [135|. The calibration accuracy is 0.05% in the central
detector region, degrading to about 2.9% for muons with pr > 20 GeV in the outer
detector region (|| > 2.2). The muon momentum resolution is measured with an

accuracy of 2.3%.
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Figure 3.2: Loose and medium muon identification efficiencies as a function of pp (top)
and 7 (bottom) measured with 3.2 fb~! of data collected at /s = 13 TeV in
2015 [135]. The lower panels show the ratio of the observed and simulated
data.
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Chapter 3 Particle reconstruction with the ATLAS detector

3.4 Jet reconstruction

Jets from the hadronisation of strongly interacting particles (quarks and gluons) are
frequently produced in proton-proton collisions. The hadrons induce showers in the
calorimeters and are reconstructed as narrow cones of energy deposits in the calorimeters
or of charged particle tracks in the inner detector. Pile-up has a large effect on jet
reconstruction and jet energy calibration, increasing on the one hand the jet multiplicity
(so-called pile-up jets), and changing on the other hand the measured jet shape and

energy.

The ATLAS jet reconstruction is described in detail in |136]. Jets are reconstructed
from topological clusters [137]| of energy depositions in the calorimeter cells. The
clusters are formed by an iterative seed-and-collect algorithm. A calorimeter cell with
high signal-to-noise ratio acts as a seed to form a topological cluster. The neighbouring
cells as well as the neighbours of neighbours are added to the topological cluster, if

their signal-to-noise ratio passes a certain threshold.

Jets are reconstructed from the topological clusters using the anti-k; jet algorithm |138|
as implemented in the FASTJET program [139]. The jet reconstruction with the
anti-k; algorithm is stable with respect to infrared and collinear radiative corrections.
In the first step, the distances d;; between each pair of topological clusters i and j

and the distance d;p between the topological cluster ¢ and the beam direction B are

calculated,
AR?
. 2p 12
di; = min (k;?, k‘t]p) R;Ja (3.8)
dip = k7, (3.9)
with p = —1 for the anti-k; algorithm and where ky; is the transverse momentum of the

i-th topological cluster, AR is the distance between clusters in the (y,¢)-space and R a
fixed radius parameter determining the cone-size of the jet. R = 0.4 is used in this thesis.
If d;; < d;B, the clusters ¢ and j are combined. Otherwise cluster 7 is defined as a jet
and removed from the list of clusters for the subsequent jet reconstruction. Distances
d;j and d;p are then recalculated and the process is repeated until no topological

clusters are left.

The four-momenta of the resulting jets are calibrated in several steps (see Figure |3.3])

based on simulation and control data [136]. The most important calibration steps are
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Figure 3.3: Schematic overview of the jet energy scale calibration [136].

the subtraction of pile-up induced energy from the same or nearby proton bunches (jet
area-based pile-up correction and residual pile-up correction), and the determination of
the absolute jet energy scale by matching in the simulation the reconstructed jet four-
momentum to the energy of the jet at particle level (absolute MC-based calibration).
Particle-level jets are reconstructed with the anti-k; algorithm from stable final state
particles produced with Monte Carlo generators. For the pile-up energy subtraction,
first, the jet-pr density distribution for specific LHC run conditions is obtained from
dijet Monte Carlo simulation. The jet-pt density is the ratio of the jet transverse
momentum to the area occupied by the jet in (1-¢)-space. The pile-up contribution to a
specific jet is the median of this distribution times the area occupied by the jet. The pp-
density distribution is calculated for central jets. Residual pile-up dependence remains
for forward-jets. This contribution is subtracted by a final pile-up correction. Residual
dependence of the jet energy scale on the longitudinal and transverse jet shape is
removed in the global sequential calibration by the use of calorimeter, muon spectrometer
and inner detector track information. The first five steps of the calibration are based
on Monte Carlo simulation. The last correction step (residual in situ calibration)
is performed using well-measured photons, Z-bosons and calibrated jets in data as
reference. The jet energy scale in the central detector region is calibrated with an
accuracy of better than 1% for jets with 100 GeV < pr < 500 GeV and of better
than 4.5 % for lower-pr jets. An additional uncertainty of 2% is added for forward
jets (|n| > 0.8).

The transverse energy from pile-up interactions is subtracted from the energy of signal
jets. However, local fluctuations in pile-up activity can lead to additional pile-up

jets. The rejection of those is crucial for the data analysis. Within the coverage of
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Chapter 3 Particle reconstruction with the ATLAS detector

the inner detector (|n| < 2.4) a highly efficient method based on track information
is employed. The jet-vertex-tagger (JVT) discriminant combines two discriminating
variables measuring how many of the tracks associated to the jet originate from the
primary vertex [140, [141]. For signal jets large JVT values are expected, while pile-up

jets tend to have significantly lower values.

3.5 b-jet identification

The identification of b-jets (b-tagging) is important for the selection of processes in-
volving b-quarks, such as bbH or ttH production. The top-quark decays into a TW-boson
and a b-quark. The discrimination of jets originating from b-quark decays from those
from light quarks, gluons and c-jets is based on the low lifetime of b hadrons and the
reconstruction of their decay vertices. As a consequence, the b-jet identification is
only possible within the coverage of the inner detector (|n| < 2.5). Three complement-
ary algorithms search for secondary vertices or test the primary vertex association.
The outputs of these algorithms are combined into a multivariate discriminant called
MV2c20 [142, [143|. For data analysis, a specific b-tagging efficiency is chosen corres-
ponding to a cut on the discriminant. Operating points with b-tagging efficiency of
60 %, 70 %, 77 % and 80 % have been studied. The simulated events are weighted with
a scale factor correcting for b-tagging efficiency differences between data and simulation.
The scale factor is obtained from data of leptonic tt — ey decays and Z-+jet events
with Z — pp decays [142, 144].
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H — ZZ* — 40 event selection

The measurement of the Higgs boson tensor interaction is performed for H — ZZ* — 44
Higgs boson decays. In this chapter, the selection of Higgs boson candidates in the
four-lepton final state is described, the so-called inclusive selection, which serves as
input to the tensor structure measurement (see Chapter [§). In the inclusive selection
all Higgs boson candidates in the four-lepton final state are selected regardless with
which production mechanism they have been produced, while in the tensor structure
measurement based on the Run-2 data set the Higgs boson candidates are categorised
according to their production mode. The data from two LHC run periods are analysed
separately: the full data set of LHC Run-1 collected in the years 2011 and 2012 at
centre-of-mass energies of 7 and 8 TeV, respectively, and a partial data set from LHC
Run-2 taken in 2015 and 2016 at /s = 13 TeV. The selection of H — ZZ* — 4¢
candidate events is very similar for both data sets. A summary of the analysed data sets
is given in Table in Chapter 2l A detailed description of the selection requirements
can be found in |14] and [145| for Run-1, and in [146] for Run-2.

After the introduction of the H — ZZ* — 4¢ decay channel and the relevant back-
ground processes in Section a description of the simulation of the signal and
background processes is given in Section The inclusive H — ZZ* — 4/ event se-
lection and the estimation of the background contributions are discussed in Section
Finally the results of the inclusive selection are reported. Differences between the

selection criteria of Run-1 and Run-2 analyses are explained.
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Chapter 4 H — ZZ* — 44 event selection

4.1 Overview

The tensor structure of the Higgs boson couplings to gauge bosons is studied in the

H — ZZ* — 40 decays (£ = e, ). The Feynman diagram of the decay is shown in
Figure

2
VA
2
H === === ==
2
Z*
2

Figure 4.1: Tree-level Feynman diagram of the H — ZZ* — 4¢ decay process, where
{=e,p.

About 3% of the decays of the SM Higgs boson with a mass of 125 GeV are into a
pair of Z-bosons. Since the Higgs boson mass is below the resonant ZZ production
threshold of 2 - my ~ 180 GeV, one of the Z-bosons (Z7) is produced on-shell, while
the other one (Z3) is off-shell. Only decays of the Z-bosons into charged leptons
are considered. Z — ete™ and Z — uTpu~ decays provide a very clear signature.
Z — 77 decays with leptonically decaying 7 leptons are also taken into account in
the signal process contributing about 6 % of the leptonic decay channels to the total
branching ratio. The reconstruction of hadronically decaying 7 leptons suffers from a
much higher misidentification rate and worse energy resolution compared to electrons
and muons. Because of the four leptons in the final state the branching ratio is BR
Hoae = (1.250 +0.027) - 1072 % [27] and high electron and muon identification and
reconstruction efficiencies as well as high energy and momentum resolution are crucial.
The signal is characterised by four prompt leptons originating from the same primary
vertex and very low energy deposition around each lepton, i.e. high lepton isola-

tion.

The main background process to the H — ZZ* — 4{ decays is non-resonant ZZ*
production with decays into four prompt leptons. The dominant production mechanism

is quark-antiquark annihilation, followed by gluon fusion (see Figure [4.2). Above the
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4.1 Overview

Z-boson resonance, i.e. the kinematic region of the on-shell Higgs boson production,
the production predominantly occurs through ¢¢§ — ZZ* production (see Figure
top right). At the Z-boson resonance, the main diagram for quark initiated processes
is the q¢ — Z/v* — 2¢ production with associated radiative decays to an additional
lepton pair (see Figure top left).

This process has very similar final state as the signal and can only be distinguished by

the four-lepton invariant mass and slightly different kinematic properties of the decay

products.
q
q ¢ Y4
Z/y*
Z/~y* 0
Z/'y* L
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;@Gﬁéﬁ Z/y*
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Figure 4.2: Tree-level Feynman diagrams for non-resonant ZZ* — 4¢ production via
quark-antiquark annihilation (top) and gluon fusion (bottom).

The reducible background contributions are Z-+jets, tt and W Z+jets production (see
Figure with less than four prompt leptons, but one or more leptons originating
from hadron decays (leptons within jets) or due to jets misidentified as electrons or
muons. Such leptons are usually non-isolated, i.e. surrounded by relatively large
inner detector and calorimeter activity, and their trajectories are displaced from the
primary hard-scattering vertex. Additional minor background processes are the triboson

(VVV =WWZ,WZZ,ZZZ) and ttZ production (see Figure [1.4).
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Figure 4.3: Tree-level Feynman diagrams for the main reducible background pro-
cesses with less than four prompt charged leptons contributing to the
H — ZZ* — 4¢ channel: Z-+jets (top left), t¢ (top right) and WZ
(bottom).
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Figure 4.4: Tree-level Feynman diagrams for the minor reducible background processes
with four prompt charged leptons contributing to the H — ZZ* — 4/
channel: WW Z (left) as an example for VV'V processes and ttZ (right).
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4.2 Simulated signal and background processes

While background contributions from ZZ*, VVV and ttZ processes are estimated
from simulation, the reducible backgrounds with less than four prompt leptons are

estimated using dedicated signal-depleted control data.

4.2 Simulated signal and background processes

A multitude of Higgs boson signal and SM background processes have been simulated
for the Run-1 and Run-2 analyses using state-of-the-art programs and tools available
at the time (see Appendix . The generated events have been passed through the
ATLAS detector simulation as described in Section 2.3.6

The simulated signal and background processes together with the programs used for the
simulation of the event generation, the parton shower and hadronisation (if different
from the matrix element event generator) and the parton distribution functions (PDFs)
are summarised in Tables and [£.2] for Run-1 and Run-2, respectively.

The additional simulation programs in the overview tables are used in addition to the
hard-scattering and parton shower generators to improve the modelling accuracy. The
total and differential cross section predictions for the background processes have been

further improved as explained in detail in Appendix [C]

The SM H — ZZ* — 4/ signal has been simulated taking into account the main
production modes ggF, VBF, VH (V = Z, W), ttH and bbH (only for Run-2).
For Run-1, the contribution of bbH production is estimated assuming the same mp
dependence of the production rate as for ttH and the same signal efficiency as for ggF

production.

The H — ZZ* — 44 signal with BSM contributions parametrised within an effective
field theory (see Section is referred to BSM Higgs boson signal in the following.
The BSM H — ZZ* — 4/ signal for Run-1 has been simulated for the ggF production,
while ggF', VBF and V H production processes with BSM contributions have been
generated for Run-2. The BSM VBF and V H production processes for Run-2 are
simulated at leading-order (LO) and at next-to-leading-order (NLO) in QCD. The
NLO samples are only used for the estimation of systematic uncertainties. The full
BSM signal models is built based on the listed Run-1 and Run-2 samples. The
signal modelling will be described in Sections and for the shape-based and

rate-based analyses, respectively.
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Chapter 4 H — ZZ* — 44 event selection

The q@ — ZZ* and g9 — ZZ*, as well as the tt, Z+jets and WZ background
processes with less than four prompt leptons have been simulated. The latter are
used for modelling the background shape in case of the rate-based analysis, while the
yield is in most cases estimated with data-driven methods (see Section [4.3.2)). For
Run-2, the rare ttZ and triboson processes have been simulated in addition. These
processes cause a negligible contribution to the smaller Run-1 data set and can thus

be neglected.

The Higgs boson production cross sections and branching ratios have been scaled
to the highest-accuracy prediction available in Run-1 [147, [148| and Run-2 |29, {147,
148, respectively. The values are listed in Tables and The precision of the
calculations can be found in Appendix
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Chapter 4 H — ZZ* — 44 event selection

Table 4.2: Monte Carlo event generators used for the modelling of the physics processes in the H — ZZ* — 4/¢ tensor
structure analysis in Run-2. Additional programs have been used for the simulation of lepton decays TAUOLA,

for the simulation of decays of hadrons containing bottom or charm quarks (EVTGEN v1.2.0 ). QED radiative

corrections (PHOTOS) are also listed. (MADGRAPHS AMC@QNLO = MG5AMC@NLO).

Process Hard- Parton Tune PDF set Additional Radiative
scattering Shower programs Corrections

SM signal

ggF POWHEG-BOX v2 PyTHIA 8 AZNLO CTEQ6L1 PDF4LHCnlo MINLO, HNNLO, EvTGEN v1.2.0 NNLO QCD

VBF PowHEG-Box v2 PyTHiA 8 AZNLO CTEQ6L1 PDF4LHCnlo EvTGEN v1.2.0 NLO QCD

WH POwWHEG-BOX v2 PYTHIA 8 AZNLO CTEQ6L1 PDF4LHCnlo MINLO, EVTGEN v1.2.0 NLO QCD

ZH PowHEG-Box v2 PyTHIA 8 AZNLO CTEQ6L1 PDF4LHCnlo MINLO, EVvTGEN v1.2.0 NLO QCD

99 — ZH POWHEG-BOX v2 PYTHIA 8 AZNLO CTEQ6L1 PDF4LHC EvTGEN v1.2.0 LO

ttH MG5AMC@NLO v2.2.3 HerwiG++ CTEQG6L1-UE-EE-5 CT10nlo EvTGEN v1.2.0 NLO QCD

bbH MG5AMC@NLO v2.3.3 PYTHIA 8 Al14 NNPDF2.3lo NNPDF2.3 EVTGEN v1.2.0 NLO QCD

BSM signal

ggF MG5AMC@NLO PYTHIA 8 A14 NNPDF2.3lo NNPDF3.0nlo  EVTGEN v1.2.0, FXFX NLO QCD

VBF + V(= q¢q)H MG5AMC@NLO PyTHIA 8 A14 NNPDF2.3lo NNPDEF2.3lo EvTGEN v1.2.0 LO

V(— tv/e)H MG5AMC@NLO PYTHIA 8 A14 NNPDF2.3lo NNPDF2.3lo EvTGEN v1.2.0 LO

VBF MG5AMC@NLO PyTHIA 8 A14 NNPDF2.3lo NNPDEF3.0nlo EvTGEN v1.2.0 NLO QCD

WH MG5AMC@NLO PYTHIA 8 A14 NNPDF2.3lo NNPDF3.0nlo  EVTGEN v1.2.0 NLO QCD

ZH MG5AMC@NLO PyTHIA 8 A14 NNPDF2.3lo NNPDEF3.0nlo EvTGEN v1.2.0 NLO QCD

Background

qq — Z27Z* SHERPA 2.2.2 SHERPA NNPDF3.0nnlo NNPDF3.0nnlo ME-+PS@QNLO NLO QCD (0,1 jets)
LO (> 2 jets)
NLO EW corr. f(mzz)

99 =~ ZZ* GG2VV PyTHIA 8 A14 NNPDF2.3lo CT10 PowHEG, EVTGEN v1.2.0 LO, scaled to NLO with
\ZWO\HO =17+10

Z+jets SHERPA 2.2.2 SHERPA NNPDF3.0nnlo NNPDF3.0nnlo  CoMmix, OPENLOOPS NLO QCD (up to 2 partons)

ME-+PS@NLO LO (4 partons)

tt POWHEG-BOX v2 PYTHIA 6 Perugia2012 CTEQ6L1 CT10 EvTGEN v1.2.0, PHOTOS, TAUOLA  NLO QCD

wWZz PowHEG-Box v2 PyTHIA 8 AZNLO CTEQ6L1 CT10nlo EvTGEN v1.2.0 NLO QCD

vvv SHERPA 2.1.1 CT10 CT10 LO

ttZ(— 0l) MADGRAPH PyTHIA 8 Al4 NNPDF2.3lo NNPDF2.3lo EvTGEN v1.2.0 LO
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4.3 Inclusive analysis

4.3 Inclusive analysis

4.3.1 Selection of the Higgs boson candidates

The event selection exploits the signal properties to discriminate it against the back-
ground. The selection requirements are described in the following and summarised in
Table Corrections to the four-lepton invariant mass of the selected Higgs boson
candidate are listed in Table The selection criteria differ only slightly between
Run-1 and Run-2.

Trigger and data quality

First of all, a trigger with at least one electron or muon is required. Targeting multi-
lepton final states, a combination of single-lepton, dilepton and trilepton (only Run-2)
triggers is used with increasing pr and Et thresholds with increasing instantaneous
luminosities during the data taking periods. All triggers used are summarised in
Appendix

In order to ensure a reliable event reconstruction, only data with all ATLAS subdetectors
operational have been analysed. Events are required to have at least one reconstructed
primary vertex with at least three (two) associated inner detector tracks with transverse
momenta pr > 400 GeV in Run-1 (Run-2).

Object selection

The reconstruction, identification and calibration of particle objects is described in
Chapter [3]

The additional requirements imposed on each reconstructed particle in Run-1 and
Run-2 are summarised in Table [4.3] It is possible that the same collection of hits is
assigned to more than one particle type by the different reconstruction algorithms. For
instance, a true electron may be reconstructed as a jet and as an electron candidate.
Such ambiguities are resolved by the so-called overlap removal, where precedence is

given to one interpretation.

For the H — ZZ* — 44 selection, electrons are required to satisfy loose identification
criteria (see Section [3.2)), which provide the highest electron reconstruction efficiency.
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Chapter 4 H — ZZ* — 44 event selection

Table 4.3: Requirements on the reconstructed particles in the final state. The jet-
vertex-tagger discriminant (JVT) is used to suppress pile-up jets.

LEPTON SELECTION
Electrons: Loose identification, Ep > 7 GeV, |n| < 2.47
Identification based on cuts (for /s =7 TeV Run-1 data set)

or likelihood discriminant

Longitudinal impact parameter |z|:
|20 < 10mm (]zpsin (0)| < 0.5mm) for Run-1 (Run-2)

Muons: Loose identification, pr > 6 GeV (5 GeV) for Run-1 (Run-2)
Combined muons: |n| < 2.5

Segment-tagged muons: |n| < 2.5(0.1) for Run-1 (Run-2)
Stand-alone muons: 2.5 < |n| < 2.7

Calorimeter-tagged muons: 15 GeV < pt < 100 GeV, |n| < 0.1

Longitudinal (|zg]) and transverse (|dg|) impact parameter:
|do] < 1mm, |z9] < 10mm (|20 - sin (8)] < 0.5 mm) for Run-1 (Run-2);

not applied for stand-alone muons

JET SELECTION (for Run-2)

Jets: Anti-k; jet algorithm with distance parameter R = 0.4
pr > 30 GeV, |n| < 4.5

Pile-up suppression:
JVT > 0.64 for jets with pr < 60 GeV and |n| < 2.4

b-jets: MV2c20 b-jet identification algorithm using working point
with 70 % efficiency, |n| < 2.4

Overlap removal: | Resolves ambiguities between lepton-lepton or lepton-jet pairs

reconstructed close to each other
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This is important for efficiently reconstructing four-lepton final states. Electrons are
required to be within the coverage of the inner detector, |n| < 2.47, and to have a
transverse energy larger than 7 GeV. Signal electrons are expected to originate from
the hard-scattering vertex. Therefore, a minimum longitudinal distance |zg| from the
production vertex is required: |zp| < 10mm in Run-1 and |z - sin (¢)] < 0.5 mm in
Run-2. The Run-2 threshold is reduced due to the additional pixel detector layer
installed after Run-1.

Muons identified with loose criteria are used yielding a muon identification efficiency
above 99% in most of the acceptance region (see Section . The muons are required
to have a minimum transverse momentum of pp > 6 GeV in Run-1 and pp > 5 GeV
in Run-2. The momentum threshold was lowered in Run-2 to increase the signal
acceptance. Because of their lower purity, calorimeter-tagged muons are required
to have higher momenta of pr > 15 GeV. Combined and segment-tagged muons
are only reconstructed within the coverage of the inner detector, |n| < 2.5. In the
central detector region, where no coverage of the muon spectrometer is provided, the
muon reconstruction efficiency of combined muons drops. Therefore calorimeter-tagged
muons, and segment-tagged muons in Run-2, are used in addition within |n| < 0.1 to
close the efficiency gap.

The cosmic muon background is reduced by the requirement of a maximum transverse
impact parameter: |dp| < 1 mm. Muon tracks from heavy quark jets are displaced
from the primary production vertex. In order to reduce those backgrounds the lon-
gitudinal impact parameter |zg| is required to be less than 10 mm for Run-1, while
|20 - sin (0)| < 0.5mm is required for Run-2. As for the electrons, the lower Run-2

threshold is made possible by the additional pixel layer installed for Run-2.

For the Run-2 H — ZZ* — 4/{ tensor coupling structure analysis, jets and b-tagged jets
are selected. The reconstruction of jets and b-tagged jets is described in Sections
and respectively. Jets with transverse momenta pp > 30 GeV and within || < 4.5,
calibrated at the electromagnetic scale, are used. Pile-up jets are suppressed by
imposing a cut on the value of the jet-vertex-tagger discriminant (see Section ,
JVT > 0.64 for jets with transverse momenta py < 60 GeV and |n| < 2.4. The chosen
cut value leads to 92% selection efficiency for jets from the hard-scattering process.
Similar to the lepton efficiency scale factor, the simulated data is corrected by a scale
factor accounting for difference between the JVT selection efficiencies in simulation
and data.

The identification of b-jets is available within the coverage of the inner detector, |n| < 2.5.
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In the H — ZZ* — 4¢ analysis, the cut on the MV2c20 b-tagging discriminant is
chosen such that the b-jet selection efficiency is 70% and light quarks and c-quark

rejection rates are larger than 87 % and 99 %, respectively.

Lepton quadruplet selection

All combinations of four leptons in an event (called quadruplets) satisfying the object
selection criteria are formed to reconstruct a candidate Higgs boson decaying into four

leptons according to the following procedure:

1. The Z-boson decay candidates are formed by requiring at least two pairs of same-
flavour and opposite-charge leptons in the final state. The transverse momenta
of the three highest-pt leptons are required to be above 20 GeV, 15 GeV and
10 GeV, respectively. The momentum threshold for the fourth lepton depends
on flavour: 7 GeV for electrons and 6 GeV (5 GeV) for muons in Run-1 (Run-2).
In the Run-1 analysis it is required that at least one reconstructed lepton matches

a triggered one.

2. The lepton pairs are then combined to a quadruplet. The lepton pair with
invariant mass closest to the Z-boson mass (my) is considered as the on-shell
Z-boson candidate (Z;), while the second lepton pair is the off-shell Z-boson
candidate (Z2).

The quadruplets are classified into the four channel: 4e, 4, 2e2p and 2u2e, where the
first two leptons always belongs to the Z; and the second two leptons to the Z,. If
more than one Higgs boson candidate is selected in an event, the best of the candidates
is chosen by a procedure described below.

In the decay channels with muons, at most one muon is allowed to be stand-alone
or calorimeter-tagged ensuring low misidentification rate. In the Run-1 analysis, at
most one quadruplet of each type is accepted with invariant masses mqo and mg4 of
the lepton pairs closest and second-closest to the Z-boson mass, respectively. For the
Run-2 analysis, the same requirements are used, unless the quadruplet is accompanied
by one or more leptons with pp > 12 GeV and satisfying the same lepton selection
requirements as the quadruplet leptons. In this case, the following criteria are used for
all possible quadruplets.

The lepton pairs in all selected quadruplets in an event are required to have invariant

masses consistent with on- and off-shell Z-boson decays: 50 GeV < mz, < 106 GeV
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and Mmpin < mz, < 115 GeV, respectively, with mpi, = 12 GeV for four-lepton
invariant masses myy below 140 GeV, rising linearly to a maximum value of 50 GeV for
mye > 190 GeV. The leptons must have large angular separation AR(¢,¢") > 0.1(0.2)
for same-(different-) flavour lepton pairs. Leptons from J/W¥ decays are removed by
requiring that the invariant masses of alternative same-flavour and opposite-sign leptons

pairs (only 44 and 4e combinations) are above the resonance mass, mg > 5 GeV.

Further lepton selection criteria are applied to reduce the contribution of background

processes with non-prompt leptons, mostly from ¢t and Z+jets production:

e Lepton isolation: While signal leptons are isolated from other particles, back-
ground leptons are often produced in jets and therefore are surrounded by large
activity in the detector. Calorimeter and track isolation criteria are imposed on
both muons and electrons. The relative track and calorimeter isolation para-
meters, Iipqcr and I, are defined in Section [3.1] The relative track isolation
parameter I of quadruplet leptons is required to be less than 15 % summing
over all tracks within a cone of size AR = 0.2 around the lepton. For muons in
the Run-1 analysis, a slightly larger cone size of AR = 0.3 is used. The sum of
the calorimeter energy deposits within a cone of size of AR = 0.2 around the
lepton 1.0 is required to be less than 30 % (20 %) for muons (electrons). For the
/s =7 TeV data set, the calorimeter isolation requirement is 30% for electrons
too, while a tighter calorimeter isolation requirement of 15 % is imposed on the

stand-alone muons.

e Impact parameter significance: while signal leptons have their origin at the
primary vertex due to the short Higgs boson lifetime, background leptons from
b-quark decays originate from secondary vertices leading to an impact parameter
offset with respect to the primary vertex. Therefore, the transverse impact
parameter significance, defined as the ratio of the transverse impact parameter
(dp) and its measurement error (o4, ), is required to be below 6.5 (3.5) for electrons
(muons) in Run-1. The installation of an additional pixel detector layer in Run-2
allows for tighter transverse impact parameter significance criteria: % < 5.0(3.0)

for electrons (muons).

The lowering of the muon transverse momentum threshold from 6 GeV to 5 GeV
in the Run-2 analysis increases the signal acceptance, but it also leads to increased
background rates. Therefore an additional requirement was added in Run-2: the

inner detector tracks of all leptons of a selected quadruplet are fitted to a common
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vertex. The quality of the fit is expected to be high for the Higgs signal, since all four
leptons originate from the same vertex, while it is expected to be worse for background
processes with heavy-flavour jets in which the leptons from hadron decays are produced
displaced from the primary vertex. The ratio y? over the number of degrees of freedom
Ngoy of the fit is used as a measure of the goodness of the fit, requiring ﬁif <6

for the 4 channel and % < 9 for all channels containing electrons. These criteria

maintain very high signal selection efficiency, while the background rates are reduced

by 20%, to 30%.

Higgs boson candidate selection

The selection of a single Higgs boson candidate among all quadruplets per event passing
the selection criteria has been improved for Run-2 compared to Run-1. In Run-1, and
in Run-2 in the case of events with not more than four leptons, the final Higgs boson
candidate chosen is the quadruplet with the highest expected selection efficiency. The
ordering from highest to lowest selection efficiency is 4u, 2u2e, 2e2u and 4e due to
the higher muon identification efficiency at high-pt compared to low-pr muons and
electrons. In the case of signal events with more than four leptons, which originate
from V H and ttH production, an optimised selection procedure is applied in Run-2.
With the default selection, it is possible that the leptons are wrongly paired so that
leptons from the t-quark or vector boson decays are associated to the quadruplet
replacing one of the leptons from the Higgs boson decay. In the Run-2 analysis, the
selection of the best quadruplet is performed based on the matrix element value for
the H — ZZ* — 4f decay computed at LO with the MADGRAPHS AMCQ@NLO
generator [149]. The matrix element is a measure of how well a quadruplet matches the
expected kinematic from a H — ZZ* — 4¢ decay. The quadruplet with the highest

matrix element value is selected as the final Higgs boson candidate.

Corrections to the four-lepton invariant mass

The Higgs boson mass resolution is improved by means of the following corrections
to the four-lepton invariant mass. The single-lepton energy resolution is improved by
taking into account the energy losses due to the lepton final state radiation (FSR).
The radiated photon energy is restored using nearby reconstructed calorimeter clusters.

About 4 % of all signal events are affected by this correction. The overall improvement
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of this correction is less than one percent.

In addition, the Z-boson mass constraint is applied to the leptons from the on-shell
Z-boson candidate Z;. With the knowledge of the Z-boson line shape and the lepton
momentum resolution, a kinematic fit is performed that corrects the lepton trans-
verse momenta and thus improving the four-lepton invariant mass resolution by about
15% [57].

Finally, the energy resolution of low-energy electrons (Ep < 30 GeV) has been further
improved in Run-1 by combining the track momentum and cluster energy measure-
ments [60].

In total, about 25% of all produced Higgs bosons decaying to four-leptons are selec-

ted. The results of the event selections applied in Run-1 and Run-2 are shown in

Section 3.3

89



Chapter 4 H — ZZ* — 44 event selection

Table 4.4: Selection criteria for H — ZZ* — 4¢ decays. The track-based (calorimeter-
based) isolation is denoted with Ij.qer (Icalo) and defined as the sum of
transverse momenta (energies) of all charged particle tracks within a cone
around a lepton relative to the transverse momenta (energy) of the lepton

itself.
EVENT SELECTION
Good run list: All detector components must be fully operational
Vertex: At least one reconstructed vertex with three (two) associated tracks in Run-1 (Run-2)
Trigger: Single-lepton, dilepton or trilepton (only Run-2) trigger
LEPTON QUADRUPLET SELECTION

Quadruplet Two same-flavour and opposite-sign lepton pairs satisfying object selection,
formation: and with pp thresholds for three leading leptons 20,15 and 10 GeV

Building quadruplets with all possible combinations of lepton pairs

On-shell Z-boson called Zy, closes to the Z mass

Off-shell Z-boson Z3 is the remaining lepton pair

Classification to sub-channels: 4u, 4e, 2e2p and 2u2e; analysed in parallel

Run-1 and Run-2 with no additional leptons:

select in each sub-channel the quadruplet with my9 closest to mz
Kinematic Only Run-1: At least one lepton in the quadruplet matched to the trigger
requirements: On-shell Z-boson candidate: 50 GeV < myz, < 106 GeV

Off-shell Z-boson candidate: mmin < mz, < 115 GeV

((mmin = 12 GeV for myy < 140 GeV, rising linearly to mmax = 50 GeV at myy > 190 GeV)

AR(¢,0") > 0.10(0.20) for all same (different) flavour lepton combinations in the quadruplet

J/W veto: Remove quadruplet if alternative SF OS dilepton gives my <5 GeV
Isolation Electron track isolation (AR =0.2): If . < 15%
requirements: Muon track isolation (AR = 0.2(0.3) for Run-1 (Run-2)): I}, . <15%

Electron calorimeter isolation (AR = 0.2) : IS, < 20 %

(For /s =7 TeV Run-1 data set IS, < 30 %)

Muon calorimeter isolation (AR =0.2) : It < 30%

(For Run-1 stand-alone muons: 1%, < 15 %)

Impact parameter | Electrons: |do|/oq4, < 6.5 (5.0) for Run-1 (Run-2)

significance: Muons: |do|/cq, < 3.5(3.0) for Run-1 (Run-2)
Common Only Run-2: Fit of the four lepton common vertex, with
vertex: 1\;;; < 6 for 4p and ﬁ; < 9 for 4e, 2e2p and 2u2e

Final quadruplet | Select the quadruplet from the sub-channel with the highest expected
selection: signal efficiency (order of priority: 2u, 2e2u, 2u2e, 4e)
Only Run-2: Updated lepton pairing for events with additional leptons (pr > 12 GeV)

based on the highest matrix-element value
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Table 4.5: Corrections to the four-lepton invariant mass in H — ZZ* — 4/ decays.

CORRECTIONS TO THE FOUR-LEPTON INVARIANT MASS

On final FSR correction
quadruplet: | Z-boson mass constraint
Only Run-1: Combination of electron Et and pr measurements

for electrons with E1 < 30 GeV
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4.3.2 Background estimation

The contribution of other SM processes that also produce four leptons and populate
the signal region has to be estimated in order to evaluate the Higgs signal significance.

Two types of background processes do contribute:
1. Processes with four prompt, isolated leptons: ZZ*, ¢tV triboson production.

2. Processes with less than four isolated leptons and a misidentified lepton contained
within a jet: tt, Z+jets, WZ production.

The lowest-order Feynman diagrams for these background processes can be found at the
beginning of this chapter. The contribution of the first type is estimated from Monte
Carlo simulation, while the second type is estimated using data-driven techniques. The
Monte Carlo estimation of the first type is reliable because the final states consist of
isolated leptons. This is in general not the case for the second type of background. In
addition, lepton misidentification is rare and a large number of simulated events would

be necessary to produce enough events with misidentified leptons.

The methods for the background estimation used in the H — ZZ* — 4/{ analysis
are described below. The final results are shown in Section 4.3.3] The systematic
uncertainties related to the background estimation are discussed in Sections [5.1.3]
and for the Run-1 and Run-2 tensor structure analyses, respectively.

Background determination from simulation

The SM ZZ* — 4¢ production, where both Z-bosons decay into a pair of muons
or electrons, has the same signature as the H — ZZ* — 4/ signal and therefore is
the dominant background. Its contribution to the signal region is estimated with
Monte Carlo simulation. Additional minor backgrounds, like ¢tZ and triboson (ZZZ,
WZZ, WWZ) production with leptonic decays are also estimated by simulation.
Contributions from ttW production are found to be negligible. The simulated event
samples are described in detail in Section [£.2] Validation of the Monte Carlo event
modelling is performed using signal-depleted regions which are in this case the side

bands of the four-lepton mass window.
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Data-driven background estimation

Processes with less than four prompt and isolated leptons are estimated from data. The
modelling of these backgrounds depends on the flavour of the lepton pair associated
with the off-shell Z-boson, Z+ee or Z+pup because

e the fourth lepton, which is either a lepton within a jet or misidentified, has
usually low transverse momentum and therefore, likely originates from the off-
shell Z-boson (Z3) candidate, and

e sources of non-prompt leptons are different for electrons and muons.

The strategy for data-driven background estimation is to construct so-called control
regions, which are enriched with a specific background contribution and depleted in
signal events. The control regions are constructed by following the signal selection as
closely as possible for the on-shell Z-boson candidate (Z;), but inverting the selection
criteria for background reduction, the isolation and impact parameter requirements,
and/or the lepton identification criteria for the Z candidate. With the higher available
data set in the control regions, several variables can be used to estimate the different
background contributions. The background contributions expected in the signal region
are obtained by extrapolating from the control region (CR) to the signal region (SR)
by using so-called transfer factors which are given by the efficiency € of the inverted

selection requirements:

SR,MC
SR,data __ r a7rCR,data . " 'bkg €
bkg

The Z+jets, tt and W Z background components can be differentiated according to

the flavour of the jet containing the misidentified lepton:

1. Heavy-flavour jets in Z+jets and ¢t production where the leptons are from weak

decays of heavy-flavour hadrons.

2. Light-flavour jets from gluons and light quarks in Z+jets and W Z production
where muons from 7 or K decays in-flight or light jets are misidentified as

electrons.

The contribution from the W Z process is estimated from Monte Carlo simulation

except for the Z+ee background estimation in Run-2, where it is retrieved together
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with Z+jets and ¢t contributions from control data. The results are cross-checked with

Monte Carlo simulation and using different control regions.

Z+ee background estimation

For the Z + ee final states the reducible background components from Z-+jets, tt and
W Z are divided into: light jets misidentified as electrons (f), electrons from photon
conversions () and electrons from semi-leptonic decays of heavy-flavour quark jets (q).
The dominant processes are the f and g components which contribute with the same
amount. In Run-1, the W Z contribution is estimated with Monte Carlo simulation,

while it is included in the data-driven estimate in Run-2.

The total background yields of the different contributions are estimated from data
with a template fit in a dedicated control region, called 3¢+X CR, enriched with
reducible background sources by the following means: the leading three leptons in
the quadruplet are required to pass the standard H — ZZ* — 4/ selection, while
the selection and identification of X, which is the low-FEr electron in Zs, is relaxed.
Only basic track quality criteria are required from X instead of the full identification
requirements (see Section , and the isolation requirement is not applied. The ¢
contribution from heavy-flavour Z+jets and tt processes can be reduced by applying
the dy requirement since leptons from heavy quark decays are produced with an offset
to the hard-scattering vertex. Therefore, in Run-2, the dg requirement is additionally
applied for X resulting into a control region enriched in v and f components. The
g component is retrieved from Monte Carlo simulation in Run-2. In Run-1, the dj
requirement is not applied, thus the control region is enriched with all three components
v, f and q. The ZZ* contribution is suppressed by requiring a same-sign lepton pair
as Zo candidate instead of an opposite-charged one. Any residual contamination from
the ZZ* background process is evaluated with Monte Carlo simulation and subtracted
from the yields in the control regions. The common vertex criteria is applied in Run-2.

The requirements defining the control regions are summarised in Table

The efficiencies for extrapolation from the control to the signal region are retrieved
from Monte Carlo simulation and corrected with data in an additional control region,
Z+X CR, which provides a larger sample set of reducible background events with
respect to the 3¢+X CR. This control region is defined by requiring a lepton pair as
Z-boson decay candidate, and an electron candidate X defined as in the 3/+X CR.
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Table 4.6: Definition of the control regions for the estimation of the reducible Z+-ee
background. The symbols v" and X refer to applied and omitted requirements
from the signal selection, respectively. A standard Z-boson candidate
consists of a same-flavour opposite-sign lepton pair (SF OS), while SF SS
stands for the requirement of a same-flavour same-sign pair.

Control region (CR)  Common vertex Zs X requirements Enhanced

req. (only Run-2) Dilepton Identification dp req. Isolation req. with
3(+X CR (Run-1) - SF SS Relaxed X X v, f and ¢
3(+X CR (Run-2) v SF SS Relaxed v X ~v and f

Possible efficiency differences in the 3¢+X CR and Z+X CR are covered by correction
factors retrieved from data. The common vertex requirement is not applied in Run-2
since it is not defined for three leptons. The efficiencies are retrieved in two-dimensional
bins of electron pr and n (N;) in Run-1 (Run-2) to account for efficiency differences
with the electron or event kinematic.

A two-dimensional discriminant is used in Run-1 to entangle ~, f and ¢ contributions
in the 3¢ + X CR, while an one-dimensional discriminant is sufficient for Run-2, where
only v and f components need to be differentiated. For both runs the niynerpix variable
is used which is the hit count in the subdetector closest to the beam pipe, i.e. the
inner-most pixel layer for Run-1 and the IBL in Run-2. The nnerpix variable is
redefined in Run-2 to recover the photon efficiency in case of dead modules: the hits in
the next-to-innermost pixel layer are counted instead. The « and f+¢q components can
be well separated with the ninerpix variable, since photons as neutral particles do not
have hits in the tracker, nmnerpix = 0, while electron candidates from f-+q processes
have at least one hit, ninerpix > 0. In Run-1, niynerpix is combined with rpgr, which
is the ratio of high-threshold to low-threshold TRT hits. By using the rprr variable,
the different background contributions can be further entangled: v and ¢ contributions
have higher values since they convert or decay before the TRT into electrons, which
produce transition radiation, while this is not the case for light jets faking electrons, i.e.
the f component. Templates for v, f and ¢ contributions are retrieved from simulation
with applied data correction in the Z+X CR.

The result of the Z+ee background estimation is listed in Table [£.7] for Run-1 and
Run-2 data sets. Yields for the different background components in the 3¢+X CR and
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in the signal region are shown together with the transfer factors. The contamination
from ZZ*, and the ¢ component (only Run-2), which is 5% and 9 % for Run-1 and
Run-2 respectively, need to be subtracted from the control region yields to obtain the

signal region yields.

Table 4.7: The result of the Z+ee reducible background estimation in the
H — Z7Z* — 40 analysis using the Run-1 and Run-2 data sets. The uncer-
tainties are the combined statistical and systematic uncertainties.

Type 3¢+X CR Transfer Signal region

4de+2u2e yield factor yield
Run-1, 4.5fb~! at /s =7 TeV

f 391 £ 29 0.010 £ 0.001 3.94+09

v 19+9 0.10 £ 0.02 2.0+1.0

q 51+1.0 0.10£0.03 0.51 £0.15
Run-1, 20.3fb~! at \/s =8 TeV

f 894+ 44  0.0034 £+ 0.0004 3.1+1.0

48 + 15 0.024 £ 0.004 1.1+£0.6

q 18.3£3.6 0.10 £0.02 1.8+£0.5
Run-2, 36.1fb~! at /s = 13 TeV

f 3075 £56  0.0020 £ 0.0004 5.7+1.2

vy 208 =17 0.0072£0.0014 1.34+0.44

q Simulation based estimation 6.3+1.9

Z+pp background estimation

For the Z+puu background estimation the Z-jets component is divided into the heavy-
flavour, Z+HF, and light-flavour, Z+LF, contributions since the dominant background
component is comprised of leptons from heavy-flavour hadrons in Z+HF or ¢t processes.
Minor contributions are leptons from light-flavour jets, Z+LF, and the W Z diboson
process. The W Z contribution with Z+puu final states is estimated from simulation.
The total yield of Z+jets and ¢t components are estimated in data with control regions,
while transfer factors to the signal region or between control regions are retrieved from

simulation. See Section for details on the simulated samples.
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A global fit method using an unbinned maximum likelihood fit with multiple control
regions, each enriched in different background components, is employed. The method
is applied in both Run-1 and Run-2, but was slightly modified for Run-2, because of
difficulty in simulating the Z+LF component: a generator level filter is applied to the
Run-2 Z-+jets sample resulting into a sample almost entirely populated in the Z+HF
component and little Z+LF contribution.

The control regions are summarised in Table £.8] They are all built by either applying
the common vertex requirement or not (only Run-2), and following the standard
selection of the Z; candidate closely, but relaxing or inverting the selection of the Zs
candidate.

Four control regions, that are orthogonal to each other and the signal region are
defined:

e The Inverted dy CR enhances the Z+HF plus ¢t components, that are character-
ised by a large dj significance by inverting the dy significance requirement for at
least one lepton contained in Z5. The isolation requirements are not applied for

the Z5 leptons.

e The tt background component can be isolated with the eu+upu CR by requiring a
different flavour lepton pair as Z; candidate and removing therefore the on-shell
Z-boson contributions. In Run-1, an additional requirement on the invariant
mass of the Z; candidate is imposed to further remove contributions from on-shell
Z-bosons. The Z; candidate is required to pass all standard selection criteria.
The Zs5 dilepton can be of opposite or same charge with the dy and isolation

requirements not applied.

e The Z+LF component can be retrieved with the Inverted isolation CR, in which
the heavy-flavour component is removed by applying the dy requirement for the

Z5 leptons, but allowing that at least one lepton fails the isolation criteria.

e All background components are contained in the Same-sign CR, in which the dg
and isolation requirements for Z5 are not applied, and the Zs dilepton is built

with same-signed leptons.

A fifth control region, the Relazed CR, is not orthogonal to the other control regions
and to the signal region, but it contains a large number of events for all background
components by not applying the dg and isolation requirements for the leptons contained

in Zs. This control region is used to validate the normalisation of the different
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Table 4.8: Definition of the control regions for the estimation of the reducible Z+puu
background. The symbols v" and X refer to applied and omitted requirements
from the signal selection, respectively. A standard Z-boson candidate
consists of a same-flavour opposite-sign lepton pair (SF OS), OF OS and
SE SS stand for the requirement of a opposite-flavour opposite-charge lepton
pair, or a same-flavour same-sign pair, respectively.

Control region (CR) Common vertex  Z; dilepton Zy requirements Enhanced
req. (only Run-2) Dilepton dp req.  Isolation req. with

é Inverted dy CR X - - Inverted X Z+HF, tt
Té ep+pp CR X OF OS SF OS + SF SS X X tt
_% Inverted isolation CR v - - v Inverted Z+LF
5 Same-sign CR X - SF SS X X Z+HF, Z+LF, tt
Relazed CR X - - X X Z+HF, Z+LF, tt

background contributions after their yields are estimated by the global fit.

The myy distribution gives good separation for the Z+HF contribution resonant at the
Z-boson mass, and the non-resonant ¢t process. It is used as discriminating variable
in the control regions included in the fit. All components with an on-shell Z-boson
are modelled with a Breit-Wigner convoluted with a Crystal-Ball function, while the
non-resonant tt process is modelled with a second order Chebyshev polynomial. In
the ey + ppu CR, where the resonant Z-boson contribution is removed, the Z+HF
background is modelled with a first order polynomial. Contaminations from ZZ*, WZ
or Higgs boson processes, if present, are modelled with the function used for the Z+HF
component, while their yield is retrieved from simulation.

In Run-1, all four orthogonal control regions are fitted together in a simultaneous fit.
The Z+LF component is enhanced in the Inverted isolation CR and Same-sign CR by
requiring a minimum value of the so-called pp-balance (pITD — pl\T/IS) / plFD > 0.2 for at
least one lepton contained in Zs. The pp-balance is a measure for the balance between
pr measurements in the inner detector (ID) and in the muon spectrometer (MS). The
Z+LF leptons tend to larger discrepancies in the measurements since the light mesons
decay after the inner detector, while the heavy hadrons in Z+HF decay immediately
in the inner detector.

In Run-2 only the Inverted dy CR and eu+pp CR are included in the global fit to
estimate Z+HF and tt contributions. After those contributions are fixed, the Z+LF
is retrieved with a fit to the Inverted isolation CR. The Z+LF yield is extrapolated

to the signal region by using Z+HF transfer factors. The efficiencies for the transfer
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factor calculation are retrieved from simulation corrected with data in another control
region called Z+p CR. In this control region an on-shell Z-boson candidate is required
together with a muon. Control samples enriched in Z+HF and Z+LF are constructed

by a requirement on the pp-balance.

In Table the results of the Z+pp background estimation for Run-1 and Run-2
are summarised. The yields of the different background components in the reference
control region Relaxed CR and in the signal region are given as well as the transfer

factors.

Table 4.9: The result of the Z+4up reducible background estimation in the
H — Z7Z* — 44 analysis using the Run-1 and Run-2 data sets. The uncer-
tainties are the combined statistical and systematic uncertainties.

Type Relazed CR Transfer factor Signal region
4p+2e2pu yield [1072] yield
Run-1, 24.8fb~! at /s =7 TeV and /s =8 TeV
tt 210 £ 12 0.55 £ 0.09 1.13£0.13
Z+HF 159 £+ 20 3.10£0.19 4.92 +0.47
Z+LF 49+ 10 3.0+18 1.48 £0.77
Wz Simulation based estimation  1.13 +0.14
Run-2, 36.1fb~! at \/s = 13 TeV

tt 918 £+ 23 0.25+0.03 2.29+0.27
Z+HF 908 + 52 0.75 £ 0.09 6.82+0.91
Z+LF 50 £ 21 0.75 £ 0.75 0.38 £0.41
w2z Simulation based estimation  0.91 & 0.50

4.3.3 Results of the H — ZZ* — 4/ selection

After the inclusive selection of Higgs boson candidates (see Section , only the
events within a mass window around the measured Higgs boson mass are used for the
study of the tensor structure of Higgs boson couplings. The central value of the mass
window is given by the best measurement at the time of the analysis: mpy = 125.5 GeV
for Run-1 and mpyg = 125.09 GeV for Run-2. The number of observed signal and

background events are compared to the expectations, for each 4¢ final state separately
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Figure 4.5: The expected and observed distribution of the four-lepton invariant mass
mye from Run-1 (left) and Run-2 (right) data after the H — ZZ* — 44
selection [146} |150].

and for the combination. The mass window is 115 GeV < my < 130 GeV for Run-1
data and 118 GeV < mpy < 129 GeV in Run-2, tighter because of the larger available
data set. The observed and expected four-lepton invariant mass distributions from
Run-1 and Run-2 are shown in Figure [£.5] The Higgs boson signal can be clearly seen.
The peak at the Z-boson mass, mz = 91 GeV, is from qg — Z~* — £ production with
associated radiative decays to an additional lepton pair (see Figure top left).

The invariant mass mqs of the dilepton pair associated with the on-shell Z-boson is
consistent with the Z-boson mass and the off-shell Z-boson mass distribution msy
shows values around 30 GeV as expected (see Figure .

The results of the inclusive analysis at /s = 7, 8 and 13 TeV with integrated lu-
minosities of 4.5fb™1, 20.3fb~! and 36.1fb~!, respectively, are shown in Table
The expected signal-to-background ratio is 1 to 1.5 for the Run-1 data sets and 2 for
Run-2, primarily because of the tighter mass window. In all three data sets there is
a slight excess of observed Higgs boson candidates compared to the SM expectation.
The signal strength parameter u is the measured Higgs boson production rate relative
to the SM prediction, ugy = 1. The Run-1 and Run-2 signal strength parameters
have been measured in specially optimised analyses: p = 1.44f8:§g [145] in Run-1 and
= 1.28J_r8:il) [146] in Run-2. The observed signal strength parameters are enhanced

compared to the SM prediction due to the observed excess of events. The measurements
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Figure 4.6: The expected and observed distributions of the mass mi2 and ms4 of the
reconstructed on-shell and off-shell Z-boson candidates, respectively, in
Run-1 (top) and Run-2 (bottom) after the H — ZZ* — 44 selection [150
151].
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Chapter 4 H — ZZ* — 44 event selection

are compatible with the SM prediction within the measurement uncertainties.

Different spin and parity hypotheses have been tested against the SM assumption by
the ATLAS and CMS experiments in Run-1 (see Section : the SM hypothesis of a
scalar particle with CP-even eigenstate is always favoured, but it is still possible that
small admixtures of BSM contributions are present in the Higgs boson tensor coupling
structure. Therefore, based on the assumption that the discovered boson is a scalar,
the tensor structure of Higgs boson to gauge boson couplings has been tested on the
presence of BSM CP-even and CP-odd contributions within the scope of this thesis.
The results of the inclusive analysis serve as input to these measurements described in
the next Chapter.

102



4.3 Inclusive analysis

Table 4

.10: The observed and expected numbers of SM H — ZZ* — 4¢ and ZZ*

background events for the Run-1 [14] and Run-2 [146| data sets. The best
known Higgs boson mass values mpg at the time of the analysis has been
used. Mass windows around my have been applied. Other backgrounds
considered are tt and Z-+jets and, for /s = 13 TeV data, rare triboson
and ttZ production which are negligible at lower centre-of-mass energies.
Statistical and systematic uncertainties are added in quadrature.

SM Higgs boson 77 Other Total Observed
Signal backgrounds expected
Run-1, /s =7 TeV, myg = 125.5 GeV, 115 GeV < mpy < 130 GeV
4u 1.02£0.10 0.65=+0.03 0.14+£0.06 1.81£0.12 3
2e2u 0.64 £0.06 0.45+0.02 0.13+0.05 1.22 £0.08 2
2u2e 0.474+0.05 0.2940.02 0.53 +0.12 1.29 £0.13 1
de 0.454+0.04 0.264+0.02 059+0.12 1.30+0.13 2
Total 2.58+0.25 1.65£0.09 1.394+0.26  5.62+0.37 8
Run-1, /s =8 TeV, my = 125.5 GeV, 115 GeV < mpy < 130 GeV
4p 5.81+0.58 3.36£0.17 0.97+£0.18 10.14 +0.63 13
2e2u 3.724+0.37 2.33+0.11 0.844+0.14 6.894+0.41 9
2u2e 3.00+0.30 1.59+0.10 0.52+£0.12 5.114£0.34
4e 2.91+0.29 1.4440.09 0.52+0.11 4.87+0.32
Total 154+£15 8.72+£0.47 284+0.39 27.0£1.6 37
Run-2; /s =13 TeV, mpy = 125.09 GeV, 118 GeV < mpy < 129 GeV
4p 197+16 7.5+0.6 1.00 £0.21 28.1 +1.7 32
2e2u 13.54+1.0 54404 0.78 £0.17 19.7+1.1 30
2u2e 10.44+1.0 3.574+0.35 1.09 £0.19 151+£1.0 18
4e 99+1.0 3.35+£0.32 1.01 £0.17 14.3+£1.0 15
Total 54 +4 19.7+£1.5 3.9+0.5 TT+4 95
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Chapter 5

Measurement of the tensor structure of
the Higgs boson couplings to gauge

bosons

The study presented in this thesis probes for the presence of BSM contributions to
the Higgs boson tensor couplings to weak vector bosons in the HZZ (and HWW)
interaction vertex and to gluons in the Hgg interaction vertex. Both CP-even and
CP-odd contributions are considered. The analysis is predominantly performed in
four-lepton final states from H — ZZ* — 44 decays. The BSM coupling contributions
are modelled in the Higgs characterisation framework, an effective field theory (EFT)
approach (see Section . Due to the limited amount of data, only a reduced
set of coupling parameters is probed. The inclusive event selection for Run-1 and
Run-2 data described in the previous chapter forms the basis for the tensor structure

analysis.

The tensor structure of the Higgs boson couplings in H — ZZ* — 4{ decays is

accessible via two types of observables affected by BSM coupling parameters:

e The distributions of the kinematic variables describing the four-lepton final state

(referred to as the shape information), and

e the total production and decay rate for a given Higgs boson production process

(referred to as rate information).

In general, BSM coupling parameters in the EFT approximation affect more strongly
the rate rather than the kinematic properties of a given Higgs boson production

process. The rate information is, however, not sensitive to CP violation in Higgs boson
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Chapter 5 Measurement of the tensor structure of the Higgs boson couplings to gauge bosons

Figure 5.1: Definition of the decay angles describing the four-lepton final states of
H — Z7Z* — 40 decays in the Higgs boson rest frame which are sensitive
to spin and parity of the Higgs boson (denoted with X) [14].

interactions, while the shape information can be used to probe for CP violating effects.
The Higgs boson candidate four-lepton decays from the inclusive event selection are

analysed using two complementary approaches.

In the first approach, used for the Run-1 data, a shape analysis of distributions of kin-
ematic variables is performed without making use of the overall rate information, since
the Run-1 data set is not large enough to discriminate between different Higgs boson
production modes in H — ZZ* — 4{ decays. The CP-sensitive kinematic variables are
defined in the Higgs boson decay system illustrated in Figure 5.1l The H — ZZ* — 4¢
measurement is combined with a similar measurement of H — WW™* — evuv decays
assuming that the BSM coupling parameters of the two decay channels are related as
the ones in the SM.

The Run-2 data set is significantly larger such that discrimination of different Higgs
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boson production modes becomes possible. The second analysis approach employed
for Run-2 data mainly relies on the rate information.

While the rate-based analysis probes BSM couplings in the X V'V vertex in VBF and
V H production and decay to V'V as well as a CP-odd BSM coupling in the X gg vertex
in ggF production, only the XVV interaction vertex is studied in the shape-based
analysis. An overview of the coupling parameters probed in the two analyses is given
in Table 5.1

The signal strength parameter p is defined as the ratio of the observed Higgs boson

production and decay rate to the SM expectation:

M:< o-BR (5.1)

o - BR)sm

The signal strength is related to the coupling parameters in the Higgs characterisation

framework. For SM interactions with gauge bosons, the signal strength is given by

figeF = (Cakinigg)” * (Carism)®  and  pvpp/va = (cakism)’ (5.2)

for the ggF and for the VBF and V H production mechanisms, respectively. The Higgs
boson coupling to weak gauge bosons V' = W, Z in the SM is given by cqoksym- In the
case of additional BSM couplings, i can be expressed as a polynomial of all coupling
parameters contributing to the process both in the Higgs boson production and the
decay vertex (see Appendix . It should be noted, that in the shape-based analysis
discussed in Section the signal strength is used as an additional free normalisation
parameter in the likelihood fit, not as a function of coupling parameters. In the
rate-based measurement described in Section the signal strength is parametrised in

terms of SM and BSM coupling parameters as in Equation [5.2] for the SM case.
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Chapter 5 Measurement of the tensor structure of the Higgs boson couplings to gauge bosons

Table 5.1: Summary of the BSM coupling parameters probed by the shape and the
rate-based analyses in the H — ZZ* — 4¢ decay channel using ATLAS
Run-1 and Run-2 data. The coupling parameters are defined in the Higgs
characterisation framework. It is assumed that beyond the Standard Model
(BSM) W- and Z-boson couplings are related as in the SM: kpyy = knzz =
kaww and kKayy = Kazz = kaww. The SM coupling of the Higgs boson to
weak gauge bosons (V' = W, Z) and gluons is given by cqrgm and cqlmgg,

respectively.
Analysis Vertex with Coupling parameters Data set Reference
BSM couplings SM BSM CP-even BSM CP-odd

Shape-based Xvv KSM, KHgg KHVV KAVV Run-1 |14]
(not probed in
shape analysis)

Rate-based XVvv KSM, KHgg KHVV KAVV Run-2 |146]

Xgg KSM, KHgg KAgg

5.1 Shape-based measurement

The search for BSM contributions to the Higgs boson coupling to gauge bosons
is performed in the framework of the Higgs characterisation model introduced in
Section In the analysis of the Run-1 data, the Higgs kinematic properties of
the H — ZZ* — 40 decay (see Figure are used for this purpose [14]. Additional
information from the production and decay rate is not employed in order to achieve
best sensitivity to CP violating contributions to the decay. The relevant coupling
parameters are summarised in Table The shapes of the distributions of kinematic
variables are used to discriminate between SM and non-SM coupling contributions.
The signal shapes are normalised to data by means of the signal strength parameter
u that is independent from the Higgs characterisation coupling parameters. The
analysis of the four-lepton channel is later combined with the similar analysis of the

H — WW?* — evur decay channel.

The analysis uses a slightly different nomenclature than the Higgs characterisation
framework (see Equation |1.36). A factor % is absorbed into the BSM couplings,

- lv - lv (5.3)
K = -——K K = -——K .
HVV AA HVV, AVV 4 A AVV,

where A is the cut-off energy of the effective theory assumed to be 1000 GeV and
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Figure 5.2: Tree-level Feynman diagram of the H — ZZ* — 4{¢ decay with effective
Higgs to Z-boson coupling.

v = 246 GeV the vacuum expectation value of the Higgs field. The results are given in

terms of the ratios of coupling strengths from non-SM and SM tensor terms:
CaRHVV/Cakism = Krvv/ksm  and  saRavv/cakism = (Favv/ksm) - tana.  (5.4)

where « is the mixing angle of CP-even and CP-odd terms in the Higgs characterisation
framework (see Equation in Section . Throughout this thesis the short
notations defined in Equation [I.41] are used: ¢, = cos« and s, = sina. The CP-even
and CP-odd non-SM couplings to Z and W-bosons are assumed to be related in the
same way as in the SM, i.e. kpzz = kKaww and Kazz = Kaww. Using the ratios is
possible for the shape information in the matrix element squared can be factorised
with BSM contributions depending on ratios of the BSM couplings relative to the SM
couplings, while this is not true for the rate information. The advantage of the ratios

is that most systematic uncertainties cancel.

5.1.1 Signal modelling and CP-sensitive observables

The simulated Run-1 Higgs boson signal samples are generated for a mass value of
my = 125.5 GeV. In the data analysis, however, the best Higgs mass value known at
the time of my = 125.4 GeV [60] was used selecting Higgs boson candidates within a
four-lepton mass window of 115 GeV < myy < 130 GeV.

The final discriminants used in the shape-based measurement are functions of three-

dimensional variables, two CP-sensitive observables and an additional variable for
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Chapter 5 Measurement of the tensor structure of the Higgs boson couplings to gauge bosons

suppression of the ZZ* background. The dependence of the three-dimensional distri-
butions on the non-SM couplings is modelled by Monte Carlo simulation using the
following procedure. A large signal Monte Carlo sample generated with the JHU
program [51, 52| with tensor coupling strengths g1 =1, g0 =1+iand g4 =1+ is
used as reference (see also Section and Appendix . The tensor couplings g;
are defined in the anomalous coupling scheme described in Section The ratios
g2/91 and g4/g1 are equivalent to Kgyv/ksm and (Kavv/ksMm) - tana in the Higgs
characterisation framework. The events in this sample are reweighted using the matrix
element method described in Section [6.1] to provide samples for a grid of representative
points in the (Kavv/ksMm, (Favv/ksm) - tan ) parameter space. The matrix element

MEt arget

(ME) reweighting method weights events with the ratios of the target matrix

element calculated for modified coupling parameters relatricxf;écr‘lccg the matrix element
used for the reference sample. The matrix elements are calculated at LO with the
JHUGenME program [52|. The distributions of CP-sensitive observables predicted by
the reweighting method are validated with independent smaller Monte Carlo samples
with the same target coupling ratio values. The reference sample assumes Higgs boson
production via gluon fusion. It is assumed that other production mechanisms do not
change the shape of the distributions of the kinematic observables of the Higgs boson
decay products. Between the distributions for the discrete non-SM coupling points

obtained by reweighting, a linear interpolation is performed as described in [152].

The CP-sensitive observables of the Higgs to four-lepton decay system are the five
angles in the Higgs boson rest frame shown in Figure [5.1] as well as the invariant
masses mis and msgg of the two dilepton pairs from Z-boson decays. The angle 6,
(02) is measured between the negatively charged lepton from Z; (Z2) and the Z; (Z2)
momentum vector, while ® is the angle between the decay planes of the two Z-bosons
around their momentum direction, ®; the angle between the Z; decay plane and
the plane defined by the Z; momentum vector and the beam axis, and 6* the Z;
production angle. The distributions of the angles and the invariant masses for SM
and BSM couplings normalised to the expected SM signal yield in Run-1 are shown
in Figure [5.3 and The distribution of the angle ® is sensitive to CP-odd
admixtures and, therefore, CP violation. The angles 61, 5 and ® are related to the
Higgs boson decay and sensitive to the Higgs parity quantum number, while * and ®;
are related to the Higgs boson production and sensitive to the Higgs boson spin. The
mqo and mgy distributions are sensitive to the Higgs parity quantum number with mgy

being especially sensitive to CP-even BSM contributions.
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Figure 5.3: The expected distributions of the CP-sensitive angles 61, 82 and ® in
H — Z7Z* — 44 decays in Run-1. The pure BSM scenarios with CP-
even (dotted blue) and CP-odd (dotted magenta) couplings are shown in
comparison with the SM signal expectation (solid green). The uncertainty
associated with the Monte Carlo statistics is less than 1% and therefore
not visible.

Instead of the kinematic observables described above, so-called optimal observables are
used, which are constructed from the matrix elements MEgy and MEggy for SM and
BSM Higgs boson decays [153-156] depending on the non-SM coupling parameters. The
ME values are calculated for the measured lepton four-momenta of the leptons from the

decaying Higgs boson candidate. They are a measure of how well a specific coupling
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Figure 5.4: The expected distributions spin-sensitive angles 6* and &; in
H — Z7Z* — 40 decays in Run-1. The pure BSM scenarios with CP-even
(dotted blue) and CP-odd (dotted magenta) couplings are shown in com-
parison with the SM signal expectation (solid green). The uncertainty
associated with the Monte Carlo statistics is less than 1% and therefore
not visible.

configuration includes the kinematics of an event. Two kinds of optimal observables are
built from the matrix elements: a first-order optimal observable (O1), which is sensitive
to the sign of the non-SM coupling parameter, and a second-order optimal observable
(O2) sensitive to the absolute value of the coupling parameter. The sensitivity to the
sign of a BSM coupling comes from the interference term 2 Re [MEg,, - MEgsy| of
the SM and BSM matrix elements contributing to the four-lepton final state while
the magnitudes of the SM and BSM couplings derive from the amplitudes squared,
IMEgpm|? and [ME|qy,, respectively.
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Figure 5.5: The expected distributions of the CP-sensitive invariant masses mis and
mag in H - ZZ* — 4f decays in Run-1. The pure BSM scenarios with CP-
even (dotted blue) and CP-odd (dotted magenta) couplings are shown in
comparison with the SM signal expectation (solid green). The uncertainty
associated with the Monte Carlo statistics is less than 1% and therefore
not visible.

For the two coupling ratios kpyv/ksm and (Kavy/ksm) - tan a studied, the optimal

observables of first and second order are given by

2Re [MEESM (%HVV/HSM) . MESM]

O1(Rrvy) = , 5.5
1( HVV) |1\1ESM|2 ( )
_ IMEgsm (Frvv/ksm) |2
0 — , 5.6
2(Rrvv) MEgy|? (5.6)
- 2 Re [MET 3 K -tana) - ME
Or(Fay. @) = [MEfqn ((Ravy/ 81\42) ) SM]’ (5.7)
|MESM‘
~ ME K K - tan o) |2
O2(Ravv, @) = MEpsu ({ ‘ADVIEQMS@/I) ! : (5.8)

In order to get the easiest possible input for later signal modelling steps, the optimal
observables are further transformed to make them normally distributed in the SM
case using the change-of-variable technique for probability density functions described
in Appendix [F] conserving the total probability. A two-step transformation with an
intermediate uniformly distributed variable ¢ is applied. The transformation function

for the first step, O — ¢, is the cumulative probability distribution (CDF) of O for the
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Chapter 5 Measurement of the tensor structure of the Higgs boson couplings to gauge bosons

SM case. While the second step, § — TO, is performed by the inverse error function
(erf~1). The combined transformation O +— TO is given by
(0]
TO = T(0) = V3 -erf 1 [2- CDFgy (0)]  with CDFgy (O) = / pert(0)dO
—o0
(5.9)
where psyv(O) is the Standard Model probability density function of the optimal
observable O. The same transformation is used for all observables. The functions
TO; and TOgy of Kpyv/ksm are linearly correlated. In order to achieve maximum
sensitivity, the correlation is minimised by using the combinations TO; + TOs as final

observables.

The expected distributions of the transformed optimal observables normalised to the ex-
pected SM yield in Run-1 are shown in Figure[5.6]for the SM and for BSM couplings with
positive and negative sign. The distribution of the observable TO1(kpvv)+TO2(Kuvy)
shows a pronounced sign-dependent shape differing from the SM expectation, while the
discrimination power of the observable TO;(kpyvv) — TO2(Krvy) is mainly in the bin
around —0.5. The discriminant TO; (Kayvy, @) is sensitive to the sign of the CP-odd
BSM coupling, while TO2 (Kavv, «) is independent of the sign and therefore identical
for (Ravv/ksm) - tana = £5.

In order to improve the discrimination of the Higgs boson signal from the dominant ZZ*
background, a multivariate discriminant BDT(ZZ)" = f(na, pit, mag, cos 0%, ®1) based
on a Boosted Decision Tree algorithm [157] is used which combines kinematic variables
which are not CP-sensitive, the pseudorapidity (74;), transverse momentum (pilfl) and
the invariant mass (mgy) of the four-lepton system, as well as the angular variables
cos 0* and @, introduced above. The Boosted Decision Tree is trained separately for

the four different four-lepton final states.

The BDT(ZZ)" discriminant is transformed in a similar way as the optimal observables

to follow a uniform distribution in the case of the SM:

BDT(ZZ) = T(BDT(ZZ)") = CDFsy (BDT(ZZ)"), (5.10)
with
BDT(ZZ)
CDFsy (BDT(Z2)) = / psm(BDT(ZZ)")dBDT(Z2)", (5.11)
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Figure 5.6: The expected distributions of the CP-sensitive observables TO1 (kuvv) +
TO2(kuvv), TO1(kavy) — TO2(Ruvv), TO1(kavy, @) and TOz(Ravvy, «)
in H— ZZ* — 4¢ decays in Run-1. The BSM contributions with positive
(dotted green) and negative (dotted orange) BSM couplings are shown in
comparison with the SM signal expectation (solid green). The uncertainty
associated with the Monte Carlo statistics is less than 1% and therefore
not visible.

where psy(BDT(ZZ)') is the SM probability distribution function for BDT(ZZ)'.

Final three-dimensional discriminants for CP-even and CP-odd BSM couplings, re-

spectively, are formed with two optimal observables and the multivariate discriminant
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BDT(ZZ)"

D ((T01 — TOQ), (T01 + TOQ), BDT(ZZ)) (5.12)

RHVV/KSM

and

Dy TO1, TOy, BDT(22)) (5.13)

EAvv/RSM)~tana (

separately for each of the four final states (4e, 4, 2e2u, 2u2e). The Kernel Density
FEstimation method [158] with a Gaussian kernel is employed to interpolate between
nearby bins of the three-dimensional discriminant distributions in order to be less

sensitive to statistical fluctuations.

5.1.2 Background estimation

The shapes of the three-dimensional discriminant distributions for the background
processes are determined using the background estimation methods described in
Section The dominant background from ZZ* continuum production is modelled
by Monte Carlo simulation, while the reducible backgrounds with non-prompt or
non-isolated leptons, mostly ¢£ and Z+jets production, are estimated using data-driven
techniques. The expected distributions of the BDT(ZZ) discriminant for SM and BSM
couplings with positive and negative sign in the H — ZZ* — 44 events and for the
ZZ* and the Z+jets background processes are shown in Figure 5.7 By construction,
the BDT(ZZ) distribution for the Higgs signal is flat and similar in the SM and BSM
case. The ZZ* and Z+jets backgrounds prefer small values of BDT(ZZ) and can
therefore be distinguished from the Higgs boson signal.

5.1.3 Systematic uncertainties

In general, a measurement is affected by two sources of uncertainties: the statistical
uncertainty of the data, and the systematic uncertainty related to the limitations in
experimental equipment or methods. Systematic uncertainties in the tensor structure
measurement arise from uncertainties in the detector response to the final state particles
and from uncertainties in the theoretical predictions.

The systematic uncertainties can change the normalisation and the shape of the
signal and background contributions to the three-dimensional discriminants Dj

and Dz, /rsy)-tan a-
nuisance parameters in the maximum likelihood function (see Section [5.1.4]). Only

HVV/KSM
The shape and normalisation uncertainties are included as
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Figure 5.7: The expected distributions for the Higgs signal, ZZ* background (solid
red) and Z-+jets background (solid purple) of the BDT(ZZ) discriminant
in H— ZZ* — 40 decays in Run-1. The BSM contributions with positive
(dotted green) and negative (dotted orange) BSM couplings are shown in
comparison with the SM signal expectation (solid green). The uncertainty
associated with the Monte Carlo statistics is less than 1% and therefore
not visible.

nuisance parameters with relative impact higher than 0.5% on the limits of non-
SM coupling contributions are included. The lists of experimental and theoretical
systematic uncertainties, given in the following, are general and also valid for the
rate-based measurement. The tensor structure measurements in Run-1 and Run-2 still

are statistically limited.

Experimental uncertainties

The experimental systematic uncertainties include
e the error on the integrated luminosity determination,

e uncertainties related to the reconstruction of leptons and jets in the final state,

including uncertainties in the lepton momenta and jet energies
e uncertainties in the modelling of the pile-up events, and

e uncertainties in the data-driven background estimation.
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Chapter 5 Measurement of the tensor structure of the Higgs boson couplings to gauge bosons

The first three uncertainties are propagated to all signal and background predictions
from simulation, while the last uncertainty is intrinsic to data-driven background
estimation. For the shape-based analysis, the uncertainty related to jets is not relevant
since jets are not required in the signal selection, while for the rate-based analysis
described in Section [5.2] the uncertainty related to jet reconstruction and energy
measurement is important.

The luminosity of the analysed Run-1 data set is measured as described in Section [2.3:4]
with a precision of 1.8 % and 2.8 % for 2011 and 2012 data, respectively.

The electron energy and muon momentum scale uncertainties depend on the detector
region and reach maximum values of 1% and 0.2 %, respectively. The uncertainties in
trigger efficiency and lepton reconstruction and identification affect the inclusive signal
yield by up to 1.6 %

The reducible background contributions, ¢ and Z-+jets production, are estimated from
data separately for the Z+pup and Z+ee final states as described in Section
For Z+pu final states, the systematic uncertainty is related to the estimation of the
extrapolation factors from the control regions to the signal region. The transfer factor
uncertainty due to limited Monte Carlo statistics amounts to 6 %, 60 % and 16 % for the
Z+HF, Z+LF and tt contributions, respectively. An additional error of 1.6 % is added
to account uncertainties in the estimation of the transfer factor from Z+u control data.
For Z+ee final states, the transfer factors are also the dominant source of uncertainty.
It amounts to 30 %, 20 % and 25 % for f, v and ¢ contributions, respectively.

Finally, an uncertainty is assigned to the smoothing of the discriminant distributions
with the Kernel Density Estimation method. The nominal bandwidth 0.16 (0.5) for
smoothing of signal and ZZ* background (reducible background) shapes is varied
within 20 %, i.e. 0.13 and 0.20 (0.4 and 0.6).

Theoretical uncertainties

The predictions of the total cross section and of the final state topology of both signal
and background processes, are affected by theoretical uncertainties. The theoretical

systematic uncertainties include the following sources:

e The QCD scale uncertainty is evaluated by varying the renormalisation and

factorisation scales each by factors 0.5 and 2.0.

e The uncertainty from the PDF sets is determination by variation of parameters
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of the parton distribution functions. The strong coupling constant ag is varied

within its present error margins.

e The uncertainty due to the parton shower simulation is evaluated by variation
of parameters of the parton shower algorithm concerning initial and final state
radiation and multi-parton interactions. In addition, the default algorithm,

PyTHIA, is compared to an alternative simulation by the HERWIG++ program.

The QCD scale uncertainty is +7 % and —8 % for the ggF process, +1% and +2%
for VBF and associated V H production, respectively, and +4 % and —9 % for the ttH
production process.

The Higgs boson signal uncertainty related to the PDF set and the strong coupling
constant is estimated following the PDF4ALHC prescription [159] by comparing the
results for the CTEQ [160], MSTW [128] and NNPDF2.1 [106] PDF sets. For each
PDF set, a different a,g value has been used by the authors, 0.118, 0.1207 and 0.119
for CTEQ, MSTW and NNPDF2.1, respectively. The ag value is varied within one
standard deviation, +0.0012. The associated uncertainties in the cross sections amount
to 8% for gluon-induced and to £4 % for quark-induced processes and are fully
correlated between signal and background processes with the same initial state.

The PDF+ag and QCD scale uncertainties of the ZZ* background process are a
parametrised function of the four-lepton invariant mass mg4y. The quark-(gluon-)induced
ZZ* background processes have a QCD scale uncertainty of +5% (+£25%), and a
PDF+ag uncertainty of +£4 % (+8 %).
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Chapter 5 Measurement of the tensor structure of the Higgs boson couplings to gauge bosons

5.1.4 Fitting method and results

A binned maximum likelihood fit of the expected distributions of the three-dimensional
discriminating variables, i.e. Dx  \ /uqy, ((TO1 —TOz2), (TO; + TO2), BDT(ZZ)) and
DG pyv /i) tana (TO1, TO2, BDT(ZZ)) (see Equations and [5.13), to the data is
performed with the BSM coupling parameters as free parameters. Each of the two BSM

coupling parameters is probed independently while the other one is set to zero.

Systematic uncertainties are taken into account via nuisance parameters 6,,, that
are constrained by auxiliary measurements as described in the previous section. The
likelihood function is the product of the Poisson probabilities for signal and background
over all bins of the discriminating variable distributions for all final states and all data
sets with different centre-of-mass energies, multiplied by the product of the constraint

terms A,, of nuisance parameters:

]V\/g NFS Nbins Nnuisance
L(rssm, 0) = [T T T Praskli- sije(ssm, 0) +biw(0) x - [ Am(0m) (5.14)
k 7 7 m

where kpgy is either Kpyv/ksm or (Ravv/ksm) - tana, 6 = (6,,) is the vector of
nuisance parameters, n;;; the number of observed events for each centre-of-mass energy
/s =T and 8 TeV, final state (FS=4e, 4y, 2e2p and 2u2e) and bin of the discriminant
distributions with Ny, bins. The distributions of signal and background events are
denoted by s;;, and b;j, respectively. The signal contribution is normalised by means
of the signal strength parameter g which is used as a free parameter independent of
the BSM coupling parameters and separately for the two Run-1 data sets. A,,(0) are
Gaussian distributions with the mean and width given by the auxiliary measurements
described in the previous section. The background normalisation are free parameters

in the fit and contained in the nuisance parameter set 6.

Confidence intervals at 68 % and 95 % confidence level (CL) on the BSM coupling

parameters are determined using the profiled likelihood-ratio test statistic [161]:

t=—21InA(kpsm) with M(kpsm) = WLM’?\) (5.15)

L(kpswMm, 0)

where Kggm and 0 are the best-fit values maximising the likelihood and 0 denotes

the value of 6 that maximises the likelihood function for a fixed value of kggy. The
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5.1 Shape-based measurement

numerator L(k, é) is the conditional ML estimator, where the likelihood is maximised
for specific values of k. The denominator £(Kpsm, 5) is the maximised (unconditional)
likelihood function. The probability p of observing a value of the test statistic that is

equal or larger than a certain threshold ¢, is given by

)

r=/ f(t[kBsm) dt (5.16)

»

where f(t|kpsm) is the probability density function of ¢ for a given xkpgy. The level
of discrepancy can be defined with p = (1 — CL), i.e. when testing for 95% CL
(68% CL) p = 0.05 (p = 0.32). Assuming f(t|ksm) is known, confidence level
intervals can be constructed for the parameter of interest, i.e. kggym. In this thesis,
asymptotic behaviour [161] of f(¢|kpsm) is assumed. Based on an approximation by
Wilks and Wald [162, |163], it has been shown that f(¢|xpsm) follows a Chi-squared
distribution with the number of degrees of freedom equal to the number of parameters
of interest |161]. In the shape-based measurement one parameter of interest, either
RFavv/ksm or (Ravv/ksMm) - tan a, is probed. In case of one parameter of interest and
assuming asymptotic approximation, the values of ¢ defining 68 % and 95 % confidence

intervals are given by ¢ 32 = 0.99 and ¢y 05 = 3.84, respectively (see Appendix [A).

The constraints on the BSM coupling parameters are evaluated under the SM hypothesis
in two scenarios. Asimov Monte Carlo data sets [161]| for the SM expectation with

different settings of 1 and 6 are used:

1. The signal normalisation is fixed to the SM expectation p = 1 and all nuisance

parameters assume their nominal values.

2. The signal normalisation p and the nuisance parameters are determined from
data and fixed to the best-fit values  and é\, respectively. The second scenario

allows for deviations from the SM in the signal normalisation.

The expected and observed distributions of the transformed optimal observables and
of the BDT(ZZ) discriminant are shown in Figures and In addition to the
expected SM distributions, the BSM expectations are shown for selected values of the
BSM couplings with positive and negative sign. As discussed in Section the
distributions of the TO1(Rkpvv) + TO2(kuyv) and TO; (Kayy, ) observables are sign-
sensitive, while the discrimination power of the TO;(knvy) — TO2(Kuyy) observable

is mainly in the bin around —0.5. The TO2 (Kayv, @) observable is only sensitive
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Chapter 5 Measurement of the tensor structure of the Higgs boson couplings to gauge bosons

to the absolute value of the BSM coupling ratio and not to its sign. The expected
distributions correspond to the SM normalisation ¢ = 1. Except for an offset in the
normalisation, the data are in agreement with the SM predictions. The BDT(ZZ)
distribution for the SM and the BSM couplings are similar by design. The background
processes tend towards smaller values of BDT(ZZ) allowing for discrimination against

the Higgs boson signal.

The expected and observed values of the profiled likelihood ratio test statistic are
shown in Figure as a function of the BSM couplings. The regions where the
test statistic curves fall below the lower and upper dotted lines correspond to the
68 % and 95 % confidence intervals, respectively, of the BSM coupling parameters. An
excess of H — ZZ* — 40 events over the prediction has been observed, as discussed in
Section (Table [£.10). The BDT(ZZ) distribution in Figure [5.9] assigns the excess
to both signal and background processes. The best-fit signal strengths ji7 ey = 1.9 and
HgTey = 1.6 corresponding to best-fit values of the BSM coupling parameters are higher
than the SM value p = 1 but consistent with the signal strength p = 1.44f8:§g from a
dedicated measurement of the signal strength and Higgs boson mass in H — ZZ* — 44
decays [145].

The expected and observed best-fit values of the BSM couplings and 68 % CL and 95 %
CL confidence intervals are summarised in Table The observed BSM coupling
values are consistent with the SM predictions of zero. The observed limits are stronger
than the expected ones for best-fit signal strengths jz. The difference is even larger
assuming p = 1. This is due to the excess of observed events compared to the SM
prediction. The asymmetric shape of the test statistic for the CP-even coupling is
due to the interference term between the CP-even SM and BSM contributions which
has a maximum at kKgyv/ksm = —1. The sensitivity is maximal for this value of the

CP-even BSM coupling and the difference in the overall rate plays a minor role.
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Figure 5.8: Observed and expected distributions of the CP-sensitive observables
TO1(Fuvv) + TO2(Ruvv), TO1(kuvv) — TO2(Ruvy), TO1(Kavv, a) and
TOg2(kavv, ) for the Higgs signal and background in Run-1. The BSM
contributions with positive (dotted green) and negative (dotted orange)
BSM couplings are shown in addition to the SM signal expectation (solid

green) \\ :
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Figure 5.9: The observed and the expected distributions of the BDT(ZZ) discriminant
for the Higgs signal and backgrounds in Run-1. The BSM expectations for
positive (dotted green) and negative (dotted orange) couplings are shown
in addition to the SM expectation (solid green) |\

Table 5.2: Observed and expected best-fit values as well as 68 % and 95 % confidence
intervals for BSM CP-even and CP-odd coupling parameters from the
H — ZZ* — 44 shape analysis of Run-1 data. The SM expectation
corresponds to the observed signal strength iz and best-fit values for all
nuisance parameters \\

Coupling ratio 68 % CL confidence interval 95% CL confidence interval —Best-fit value
H—Z7Z"—4 Expected Observed Expected Observed Observed
RHVV/KsM [~0.44, 1.01] [—0.54, 0.49] [—0.75, 6.95] [—0.75, 2.45] —0.2
(Favv/msm) - tana [—1.46, 1.46] [—1.66, 0.01] [—2.95, 2.95] [—2.85, 0.95] —0.8
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Figure 5.10: The observed (black) and expected profiled likelihood ratio test statis-
tic for CP-even (top) and CP-odd (bottom) BSM couplings in the
H — Z7Z* — 40 shape-analysis of Run-1 data. The SM expectations
for the SM signal strength p = 1 (blue), and for the observed (best-fit)
signal strength 11 (red) are also shown. The intersections of the lower
and upper dotted horizontal lines define the 68 % and 95 % confidence
intervals, respectively, of the BSM coupling parameters [14].
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Systematic errors of the H — ZZ* — 4f measurement

The impact of each systematic uncertainty is evaluated independently from all other
uncertainties. The nominal limits of the BSM coupling parameters is compared to the
ones obtained when varying a systematic uncertainty within one standard deviation
margins. The systematic uncertainties with the largest impact are related to the
background normalisation. The dominant systematic uncertainty is from the data-
driven background estimation, the effect is =1 % on the upper and lower limits of the
non-SM coupling contributions. The second most important systematic uncertainty is
the theoretical error in the ZZ* background cross section with an impact of less than
+1%.

Combination with the H — WW* — evur measurement

The shape-analysis of H — ZZ* — 4¢ decays has been combined with the shape-
analysis of H - WW* — evuv decays with 8 TeV data [164] under the assumption
that the BSM Higgs boson couplings to W and Z-bosons have the same strength.
A common test statistic is constructed by combining the likelihood functions for
both channels. The signal normalisation p for both channels and, in the case of
the H — ZZ* — 4¢ analysis, for both Run-1 centre-of-mass energies are treated as
separate free parameters. Correlations of the experimental and theoretical systematic
uncertainties between the two decay channels and between the two data taking periods

are taken into account.

The H — WW?* — evuv analysis has been performed with 20.3fb~! of Run-1 data
recorded at /s = 8 TeV. A veto is applied against events with jets reconstructed
in the final state to prevent contributions from VBF production and study only
the BSM coupling contributions to the decay. A slight excess of events has been
observed. The observed Higgs boson signal is fitted to 270 £ 70 events assuming the
SM hypothesis, which is in good agreement with 238 events expected from Monte
Carlo simulation of ggF production. Two BDT discriminants are used one (BDTy)
discriminating between signal and background and the other one (BDTcp) sensitive to
BSM coupling contributions. For the BDT( variable, the invariant mass of the two
final state leptons my,, the dilepton transverse momentum pgfe , the angle between the
two leptons A®y, and the transverse mass of the dilepton and missing momentum

system m serve as input. The BDT¢p output is trained separately for BSM CP-even
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and CP-odd couplings using also different sets of input variables: myy, pf}e, Adyp and

the missing transverse momentum p%liss for the CP-even coupling and mys, Ay,

Epp = pﬁT1 — ().E)pfzf2 + O.E)p%liSS and the absolute value of the lepton transverse momenta

difference Apr = |p1ft — p1*2| with the leading/subleading lepton transverse momenta
)4 .

pT1 ’? for the CP-odd coupling.

The observed and expected dependence of the test statistic on the BSM coupling
parameters for the H — WW?* — evuv analysis are shown in Figure [5.11] The
corresponding expected and observed best-fit values and 68 % and 95 % confidence
regions of the BSM coupling parameters are given in Table The observed values
are compatible with the SM expectations. The observed limits are again tighter than
the expected ones. The H — WW™* — evur measurement is less sensitive than the
one in the H — ZZ* — 4¢ channel, since the four-momenta of the neutrinos in the
final state cannot be fully reconstructed. In addition, the H - WW™* — evur decay

channel has a very large SM background contribution.

Table 5.3: Observed and expected best-fit values as well as 68 % and 95 % confidence
intervals for the BSM CP-even and CP-odd coupling parameters from the
H — WW?* — evuv shape-analysis using 20.3fb~! of Run-1 data recorded
at /s = 8 TeV. The SM expectation corresponds the observed signal
strength i and the best-fit values for all nuisance parameters [14].

Coupling ratio 68 % CL confidence interval 95 % CL confidence interval —Best-fit value
H - WW* — evuv Expected Observed Expected Observed Observed
ROWW/KsM ] — o0, —=14] [-1.5,-1.2] ]—o00, —1.2] [-2.22, —1] -1.3
U U U U
[-0.5, +00[ [-0.65, —0.5] [-0.7, +oo] [—0.85, 0.4]
(Raww/ksm) - tan a -2, 2] [-1.6, 1.3] n.a. [—6, 5] -0.2

The sensitivity can be increased by combining both measurements. The SM expected
test statistics from the individual H - WW* — evuv and H — ZZ* — 4 analyses
and their combination are shown in Figure for the observed signal strengths [i,
which are different in both channels. The observed test statistic is shown in Figure [5.13
(top) for the individual analyses and their combination. A comparison of observed
and expected test statistics for the combined measurement can be seen in Figure [5.13
(bottom). A summary of the combined measurement results is given in Table
The results are in agreement with the SM prediction within 1.5 and 1 standard
deviation for the BSM CP-even and CP-odd coupling parameters, respectively. The
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Figure 5.11: Observed (black) and expected profiled likelihood ratio test statis-
tic for CP-even (top) and CP-odd (bottom) BSM couplings in the
H — WW* — evuv shape-analysis using 20.3 fb~! of Run-1 data recor-
ded at /s = 8 TeV. The SM expectations for the SM signal strength
i = 1 (green) and for the observed (best-fit) signal strength zi (blue)
are also shown. The intersections of the dotted and dashed horizontal
lines define the 68 % CL and 95 % CL intervals, respectively, of the BSM
coupling parameters [164].

CP-even coupling parameter kyyy/ksm is excluded at 95% CL in the range below
—0.73 and above 0.63, while the CP-odd coupling parameter (Kayy/ksm) - tan « is
excluded at 95 % CL in the range below —2.18 and above 0.83. The 95 % confidence
intervals obtained with the H — ZZ* — 4/{ analysis are reduced by 60 % and 20 %
in the combination with the H — WW™* — evur measurement for kgyvy/kgy and

(Favv/ksm) - tan a, respectively.
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Table 5.4: Observed and expected best-fit values, 68 % and 95 % confidence regions for
the CP-even and CP-odd coupling parameters from the H - WW* — evpuv
and H — ZZ* — 40 combined analysis using 20.3 fb~! of data recorded at
/5 =8 TeV and, in case of the four-lepton channel, additional 4.5 fb~! of
data recorded at /s =7 TeV. The SM expectation assumes the observed
signal strengths 11 and the best-fit values for all other nuisance paramet-

ers [14].
Coupling ratio 68 % CL confidence interval 95 % CL confidence interval Best-fit value
Combined Expected Observed Expected Observed Observed
RHVV/KSM [-0.4,0.8] [-0.6, —0.2] [-0.55,4.80] [-0.73, 0.63] —0.48
(Favv/ksu) - tana [—1.2,1.2]  [~1.4, 0.1] [—2.33, 2.30] [—2.18, 0.83] —0.68
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Figure 5.12: Expected dependence of the test statistic on the CP-even (top) and CP-odd
(bottom) BSM couplings for the individual analyses of H — ZZ* — 44
and H - WW* — evur decays and their combination for Run-1 data
assuming best-fit values for the signal strength iz and the nuisance para-
meters. The intersections of the dotted and dashed horizontal lines define
the 68 % CL and 95 % CL intervals, respectively, of the BSM coupling
parameters [14].
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Figure 5.13: Observed distributions of the test statistic on the CP-even (top) and
CP-odd (bottom) BSM couplings for the individual analyses of the
H - WW?* - evuv and H — ZZ* — 44 decays and their combination
for Run-1 data. A comparison of the observed and expected combined
functions is shown at the bottom left and right. The SM expectation is
shown assuming the nominal signal strength u = 1 and nuisance para-
meters (blue) and the best-fit values for the signal strength iz (red) and
the nuisance parameters. The intersections of the dotted and dashed
horizontal lines define the 68 % CL and 95 % CL intervals, respectively, of
the BSM coupling parameters |14].
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5.2 Rate-based measurement

Due to the increased size of the Run-2 data set and the higher signal production cross
section at the increased centre-of-mass energy, it has become possible to distinguish
vector boson fusion (VBF) and even associated Higgs boson production with vector
bosons (VH) from the dominant gluon fusion process in H — ZZ* — 4¢ decays.
Measurement of VBF and V H production rates adds additional sensitivity for BSM
Higgs boson couplings to W and Z-bosons, since they are present both in the production
and the decay (see Figure . The cross section of these production processes can
be significantly enhanced by additional BSM couplings to weak gauge bosons changing
also the relative contributions of the different production mechanism compared to the
SM. In addition, CP-odd BSM contributions to the coupling of the Higgs boson to
gluons, sqkAge, modify the gluon fusion production cross section (see Figure . The
expected dependence of the ggF, V(— ¢v/¢¢)H and combined VBF andV (— qq)H
Higgs boson production cross sections on the BSM coupling parameters is shown in
Figures and The VBF and V(— ¢q)H production mechanism are simulated
together to take possible interference effects due to the same final state into account
(see Section . In the analysis, the vector boson fusion and associated productions
are treated in a single signal model, VBF +V H. The interference between CP-even
SM and BSM couplings leads to a minimum Higgs boson production cross-section
at non-zero cokyyy values (see Figure . For V H production the interference is
strongest for positive cokpvy, while the cross section minimum is located at negative
BSM couplings for ggF and VBF productions. The latter effect cannot be seen in
Figure due to the combined VBF +V(— ¢q)H signals. Separate distributions for
VBF, WH and ZH productions can be found in Appendix [G]

An analysis strategy has been developed, that differentiates between the Higgs boson
production mechanisms and introduces additional observables related to the production
vertex which are sensitive to the BSM couplings. The decay kinematic variables are not
further considered, since they provide less sensitivity. This analysis [146|, performed
on Run-2 data, is referred to as the rate-based analysis since the rate information is
dominant in sensitivity. Nevertheless, it is important to stress that shape information is
used in this analysis. One should notice, that the measurements of production rates is
not sensitive to CP violation although they strongly increase the sensitivity to CP-even
and CP-odd BSM couplings. CP violating effects can only be detected in distributions

of final state kinematic variables.
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Figure 5.14: From top to bottom: Feynman diagrams of Higgs boson production via
geF, VBF, VH and ttH /bbH with effective X V'V interaction vertices
with potential BSM contributions. At the X V'V production vertices both
W and Z-bosons contribute.
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Figure 5.15: Feynman diagram of Higgs boson production via ggF with effective X gg
interaction vertex with potential BSM contributions.

The Higgs boson couplings to heavy vector bosons (XV'V effective interaction vertex,
V =W, Z) and to gluons (X gg effective interaction vertex) are probed separately for
BSM coupling contributions as summarised in Table

1. In the XVV interaction vertices between the Higgs boson and heavy vector
bosons CP-even and CP-odd BSM couplings, cokpvy and sqkavy of the Higgs
characterisation framework, are probed. They contribute both to the decay
vertex and to the VBF and V H production vertices. Therefore, VBF and VH
production cross sections of H — ZZ* — 4/ decays are proportional to (cokmvy)*
and (sqk AVV)4 providing the highest sensitivity to BSM coupling contributions
at the XV'V vertex.

2. In the effective interaction vertex (Xgg) between the Higgs boson and gluons
the CP-odd BSM coupling s,kage in the Higgs characterisation framework is
probed. This coupling affects only the gluon fusion production resulting in an

enhanced event yield proportional to (sqkagg)?.

It is assumed that the BSM CP-even and CP-odd couplings to Z and W-bosons are
related in the same way as in the SM, i.e. coknzz = Cokgww and SakAzZzZ = Sa KAWW -
Couplings to W-bosons contribute to the XVV (V = W, Z) production vertex.

The results are derived as couplings sqKagg; Caknvy and saravy in the Higgs charac-
terisation framework, not as coupling ratios as in the shape-based analysis described in
the previous section (see Equation . The shape information in the matrix element
squared can be factorised with BSM contributions depending on ratios of the BSM
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Figure 5.16: The ggF (blue), VBF +V (— ¢q)H (green) and V(— (v /¢¢)H Higgs boson
production cross sections at /s = 13 TeV calculated at next-to-leading-
order (ggF) and leading-order (VBF +V(— ¢q)H and V(— (v/l¢)H)
with MADGRAPHS _AMC@NLO as a function of the CP-even and CP-
odd non-SM coupling parameters c,kpyy (top) and sykayvy (bottom),
respectively.
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Figure 5.17: The ggF (blue) Higgs boson production cross section calculated at leading-
order with MADGRAPHS AMCAQNLO as a function of the CP-odd
non-SM coupling parameter sqKagg-

couplings gpgm relative to the SM couplings gsm:

IME[? = g3, - (|MESM|2 + IBSM
gsm

2
2Re [ME%M . MEBSM] + <g;SSl\i\[/I> : |MEBSM|2>

TV
contains full shape information

(5.17)

This is not possible for the rate.
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Table 5.5: Dependence of the H — ZZ* — 4/ event rates in the different production
modes on the BSM coupling contributions to the effective Xgg and in XV'V
interaction vertices. The BSM couplings are parametrised according to the
Higgs characterisation framework with CP-odd BSM coupling contribution
Sakage to the effective Xgg vertex and with CP-even and CP-odd BSM
coupling contributions in the XVV vertex corpgvyv and sqkavy.

Interaction vertex Rate dependence in BSM couplings

with BSM couplings gglF VBF VH ttH bbH

Xgg o (Sakagg)” const. const. const. const.

XVvV o (cakmvy)? o (cakmvy)? o (cakmvv)? o (Cakmvv)? o (Cakmvy)?
& (5akavy)? X (Sakavv)? o (sakavy)? o (sakavv)? X (Samavy)?

5.2.1 Categorisation of Higgs boson candidate events

In order to probe the BSM couplings via Higgs boson production rates in Run-2, the
Higgs boson events within the four-lepton mass window of 118 GeV < myp < 129 GeV
are classified in categories enriched in different production modes. In addition, categories
with sufficient numbers of events are further subdivided into categories depending
on the transverse momentum of the four-lepton system or of the highest-pt jet in
the final state. These observables provide additional sensitivity to BSM couplings as
discussed later. In total, ten categories are defined. Nine of them are identical to the
categorisation scheme used for the measurement of the SM Higgs boson production cross
sections using the simplified template cross sections framework 27|, while one additional
category is added to enhance the sensitivity to the BSM couplings. The categorisation
scheme is summarised in Figure and described in the following.

The four dominant Higgs production mechanisms ggF, VBF, VH with hadronic
(V — qq) and leptonic (V' — v /¢f) vector boson decays and ttH are disentangled by
the categorisation based on their specific final state topology. Even though the bbH
production cross section is comparable to the ¢t H cross section, no dedicated category

is defined as it cannot be easily distinguished from the other modes.

First, events with topology similar to the one of the t¢tH production are selected.
All remaining events are then probed with respect to V H production with leptonic
vector boson decays. The remaining production modes, ggF, VBF and V(— qq)H,
can be distinguished by jet multiplicity. While the tree-level ggF process has no jets
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ggF VBF VH [ ttH

118 GeV < map <129 GeV T Np_jer > 1 and either (N; > 4) or (N; > 2 and Ny > 5)
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N; =0
) ; 0j
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P> 200 GeV : —
»  VBF-enriched-p%-High

Figure 5.18: Schematic overview of the categorisation of Higgs boson candidate events.
The production modes targeted by a given category are indicated by a
coloured boxes.

in the final state, the Higgs boson is accompanied by two additional jets in the VBF
and V(— qq)H processes. The VBF production can be distinguished from the VH
process by means of the invariant mass mj; of the two leading pp-jets. While the m;
distribution for V(— ¢q)H production peaks around the vector boson mass my or

my, the dijet system from VBF production tends to have higher invariant mass.

Some of the categories are further split to improve the discrimination between the
production modes or to add additional discriminants sensitive to BSM couplings in the
XVV interaction vertex. No additional discriminants are introduced for the study of
the Xgg vertex. BSM couplings in the XV'V vertex lead to harder pt spectra of the
Higgs boson and jets.
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The event categorisation is implemented in the following sequence:

1. Category enriched with t¢H production (ttH-enriched):
At first, the tH production mechanism is specifically targeted by this category.
Since top-quarks decay almost always into a b-quark and a W-boson, the final
signature depends on the decay of the two W-bosons. The fully-leptonic decay
of both W-bosons is rare, therefore only hadronic (bbqgq’ q ) and semi-leptonic
(bblrqq) final state products are selected in addition to the four final state leptons
from the Higgs boson decay. At least one b-tagged jet Ny jey > 1 together with
either more than four reconstructed jets N; > 4 (targeting the full hadronic
decay) or at least two jets N; > 2 and at least one additional lepton N, > 5

(targeting the semi-leptonic final state) are required.

2. Category enriched with V(— £v/¢£) H production (V H-Lep-enriched):
Out of the remaining events, those targeting V. H Higgs boson production with
leptonic vector boson decay are selected. Together with the four leptons from the
Higgs boson candidate, at least one additional lepton (N, > 5.) is required in
order to select processes with Z — ¢¢ or W — fv decays. This category provides
sensitivity to the BSM couplings in the XV'V interaction vertex.

3. Category with zero jets (0j):
Subsequently, only events with no jets (j) in the final state are selected, targeting
the ggF production: N; = 0. This category contains the largest number of events

and provides the highest sensitivity to BSM couplings in the X gg vertex.

4. Category with one jet, further split according to p%_«l (1j-pf_1F£-L0W,
1j-p4*-Med and 1j-pi¢-High):
In the next category, events with exactly one jet (IN; = 1) in the final state
are selected. This category consists of contributions from ggF, VBF and
V(= qq)H production modes. Events are further split according to the Higgs
boson transverse momentum p‘% into categories with p‘% < 60 GeV (1 j—p4Tz—Low),
60 GeV < pil < 120 GeV (1j-pi*-Med) and pil > 120 GeV (1j-pi*-High) allow-
ing for further discrimination between the production mechanisms and to isolate
BSM effects. In Figure the normalised Higgs boson transverse momentum
distributions for SM and BSM Higgs boson signals produced with ggF and VBF
+V H production mechanism is shown. While no difference is visible between
ggF SM and BSM distributions, the VBF distributions are harder and can be
differentiated both from ggF and from each other.
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Figure 5.19: The normalised Higgs boson transverse momentum distributions for the
SM and BSM Higgs boson signals in the four-lepton decay channel with
one additional jet N; = 1.

5. Category enriched with V(— qq)H production, further split accord-
ing to pi},l (VH —Had—enriched—p#—Low and VH —Had—enriched-p#—High):
In the category containing events with at least two jets in the final state and
with an invariant mass of the two leading jets below 120 GeV (N; > 2 and
mij < 120 GeV) the V H production mode with hadronic vector boson decays is
enhanced. The V H production is highly sensitive to BSM couplings in the XVV
vertex. The category is further split into categories according to p4Tl in order
to further increase BSM sensitivity: p3 < 150 GeV (VH —Had—enriched—p‘lTé—Low)
and pi! > 150 GeV (V H-Had-enriched-p3*-High). The p3! distribution for events
with N; > 2 and mj; < 120 GeV is shown in Figure for the SM and BSM
hypotheses.

6. Category enriched with VBF production, further split according to
pfiﬂl (VBF-enriched-p%‘-Low and VBF-enriched-p?]}-High):
Finally, the VBF production is enhanced for events with at least two jets and an
invariant mass of the two leading jets above 120 GeV: N; > 2 and mj; > 120 GeV.
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Figure 5.20: The normalised Higgs boson transverse momentum distributions for the
SM and BSM Higgs boson signal in the four-lepton decay channel with at
least two jets with invariant mass below 120 GeV.

As in the case of V H production, the VBF production is very sensitive to BSM
couplings in the XVV vertex. In order to gain additional sensitivity, events
are further split according to the pr of the leading jet pzrl : pzrl < 200 GeV
(VBF-enriched-p/-Low) and p > 200 GeV (VBF-enriched-p)-High). The p/
distribution for the SM and two BSM hypotheses is shown in Figure

In total ten categories are built, from which three are specifically sensitive to BSM con-
tributions (1j-p#-High, V H-Had-enriched-p4/-High, VBF-enriched-p/,-High).

The relative fractions of each production mechanism in a given reconstructed category is
shown in Figure [5.22] assuming the SM Higgs boson production. The tf H-enriched and
V H-Lep-enriched categories are very pure in ttH and V H production mechanism with
78 % and 83 % purity, respectively. For the presented tensor structure analysis, the tt H
production plays a minor role. The ggF production process is present in all categories
due to the high cross section. It has a very high purity in the 05 category with 97 %.
The 1j categories have contributions from ggF, VBF and V H production mechanism,
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Figure 5.21: The normalised leading jet transverse momentum distributions for the
SM and BSM Higgs boson signal in the four-lepton decay channel with at
least two additional jets with invariant mass above 120 GeV.

where the ggF process has a dominant averaged fraction of 83 %, and VBF and VH
have 12 % and 4 %, respectively. The ggF production fraction falls with increasing jet
multiplicity from 91 % to 75 %, while the VBF and V H fractions rise from 6 % and
3% in the 1j-p4'-Low category to 18 % and 6% in the 1j-pi*-High category, respect-
ively. The V H process is targeted in the V H-Lep-enriched and V H-Had-enriched
categories. While the purity is high in the former one, a purity of only 14 % and
25 % is achieved for the VH —Had—enriched—p%e—Low and VH —Had-enriched—p‘ng—High
categories, respectively. A large fraction from the ggF mechanism of 78 % and 66 %
in VH -Had—enriched—p%?—Low and VH —Had—enriched—p‘*TZ-High categories, and a minor
contribution from the VBF process are present. The VBF process has a purity of
32 % in the VBF-enriched categories. A high contamination from ggF with fraction
of 62% and 57 % in V H-Had-enriched-p4‘-Low and V H-Had-enriched-p4/-High, and
a minor one from VH are present. The ttH process has a fraction of 3% in the
VH —Had—enriched—pflré—High category.
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Figure 5.22: The expected fractions of H — ZZ* — 40 events with mpy = 125 GeV
originating from ggF (blue), VBF (green), VH (orange), ttH (magenta)
and bbH (purple) production mechanisms in each reconstructed event
category for Run-2 data collected at /s = 13 TeV.

5.2.2 Signal modelling

The signal model predicts the Higgs event yield for the different production modes and
event categories as a function of the coupling parameters k. Separate signal models
are used for the study of the Xgg and the XV'V interaction vertex. Each production
mode is modelled separately. In the X gg study, the BSM CP-odd coupling parameter
SakAge is probed assuming that there are no BSM contributions to the XV'V vertex.
In the XVV study, the CP-even and CP-odd BSM couplings cykpyvy and sgpkavy
are probed both independently and, with decreased sensitivity, simultaneously in a

multi-dimensional fit.

The signal predictions as continuous function of the coupling parameters are built in

three steps:

1. Signal morphing [165]: the signal prediction for a given point in the BSM coupling
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parameter space is obtained by interpolation between predictions for discrete

points in the parameter space.

2. Best-prediction scaling: the signal yields obtained by the morphing method are
scaled such that the yields at the SM point correspond to the best SM prediction

including the highest-order corrections.

3. Scaling of the total decay width: the changes in the total width of the Higgs

boson due to the presence of BSM couplings are taken into account.

The discriminating variables used are expected to be insensitive to the sign of the
CP-odd BSM coupling. Sign changes due to statistical fluctuations in the simulated
event samples are prevented by the averaging of the predictions for positive and negative
CP-odd couplings in all modelling steps. The effect of each step on the three BSM
couplings sakAgg, CakHVV and sqkavy is shown in Figure@ The signal prediction as
a function of sqkage (Caknvy and sqravy) is shown in the 05 (VBF—enriched—pi—Low)
category which is most sensitive to this coupling. The signal models in Figure [5.23] are
projections of the multi-dimensional models. As example, the combined VBF and VH
XVV signal model is shown in Figure [5.24) in the plane of the couplings cykpyy and
Sakavy in the VBF‘—enriChed-pg’F—High category. The signal models for all categories
and BSM couplings in the rate-based Xgg and XV'V tensor structure analyses are
shown in Appendix [I|

The modelling steps are explained in detail in the following.

Signal morphing

The principal signal modelling procedure is based on the morphing method described
in Section [6.2] Monte Carlo samples simulated for discrete points in the coupling
parameter space are used as an input for the morphing procedure which produces a

continuous signal description in the multi-dimensional BSM coupling space.

The signal samples with different values of the BSM coupling parameters sqkagg,
cokuvy and sgkavy are generated with MADGRAPHS aMC@NLO as described in
Section [4.2] separately for ggF, V(— (v/€{)H and combined VBF and V(- qq)H
production. The latter two processes are simulated together in the same sample taking
possible interferences due to the common final state pp — gqH into account. The ggF

process is simulated at NLO, while the LO simulation is used for the other processes.
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Figure 5.23: The predicted H — ZZ* — 44 event yields for my = 125 GeV in ggF
production as a function of the BSM coupling sqkage (top), and in VBF
and V H production as a function of cokpyy (bottom left) and sykavy
(bottom right) corresponds to the luminosity of the analysed Run-2 data
set. The predictions are shown after each of the three modelling steps,
signal morphing (dashed red), best-prediction (BP) scaling (dashed blue),
and scaling of the total Higgs boson width (solid black). The error band
of the signal morphing method is shown.
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Figure 5.24: The predicted H — ZZ* — 4/ event yield for mpy = 125 GeV in VBF and
V H production as a function of the BSM couplings c,kpvyv and sqkavy
coupling parameters corresponding to the luminosity of the analysed Run-2
data set.

No BSM Monte Carlo samples have been generated for t£H and bbH processes. These
processes are only affected by the BSM couplings in the decay vertex (XVV) and it is
assumed that the t£H and bbH production rates scale due to BSM XVV couplings
by the same amount as the ggF process. These production modes are unaffected
by the BSM couplings in the X gg vertex. Since the analysis assumption is that the
BSM couplings to W and Z-bosons are related like in the SM, all signal samples are

generated with kgyvv = Kuzz = kaww and KAvY = KAZZ = KAWW-

A continuous signal model is obtained from a linear combination of input signal samples
simulated for discrete coupling parameter values. Each input sample is weighted
according to the input and target coupling configuration (see Section . The number
of input samples depends on the number of BSM parameters at the production and
decay vertex and therefore depends on the Higgs production mode. The discrete input

points in the parameter space have to be chosen with particular care to minimise

146
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the statistical error on the signal prediction over the entire explored parameter space.
The list of generated Monte Carlo samples used as morphing inputs can be found in

Appendix [H:2] The signal models produced with the morphing method are:

e X gg signal model:
BSM coupling modifications of the X gg interaction vertex only affect ggF pro-

duction. The signal yield is described as a function of sykagg, i.e.

- ggF(sa“Agg)7

while the SM-like production and decay couplings are fixed to the SM expectations

CakHgg = 1 and cykgm = 1, respectively.

e 1D CP-odd XVV signal model:
For the study of the XVV interaction vertex with CP-odd BSM couplings, the
Higgs boson yields are given as a function of s,ravy, With cokige and coksm
for the SM-like part of the tensor coupling. The signal yields for the different

production modes affected are treated separately, i.e.
— SggF(CakisM, SaKAVY);
— SVBF4+V(—qq)H (CakisM; Sakavy) and
= Sv (oo H(CaksM; SakAVY ),

where the SM-like production coupling is always fixed to the SM prediction
Caktgg = 1. No BSM samples have been produced for ttH and bbH productions
since it is assumed that the dependence on the CP-odd coupling s,kayy in the
decay vertex is the same as for the ggF process. The signal models are, therefore,
built from the ggF models, i.e.

SgaF (CaksM, SaKAVV)

Sier sobrr (CakSM, SakAvY) = S o Sapersms  (5-18)
ggr,

where Syzpppm,sv 18 derived from the SM ¢tH/ bbH simulation normalised to

best accuracy inclusive cross section.

e 2D XVV signal model:
For the study of the XVV interaction vertex with CP-odd and CP-even BSM
coupling contributions, the signal yields for the different production modes are

described as a function of c,kgyy and sakAvV:
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— SggF(CaksM, CaKHVV; Sa KAVV ),
— SVBF4+V(=qq)H(CakSM, CaKHVV, Sakavy) and
— Sv(ste0 H(CaksM; CaRHVV; SaKAVV ),

where the SM-like production coupling is again fixed to the SM prediction
CakHge = 1. The ttH and bbH predictions are obtained in the same way as in
case of the 1D CP-odd XVV model.

The 2D XV'V signal model is used to simultaneously describe the dependence on the
CP-even and CP-odd BSM couplings and applies also for special cases in which one of
the two couplings is set to zero. This model could in principal also be used for the
measurement of the CP-odd BSM coupling with the CP-even coupling set to zero. It is,
however, difficult to symmetrise the input samples in a two-dimensional model in order
to avoid sign changes of the CP-odd BSM coupling due to statistical uncertainties
in the simulation. Therefore, the dedicated 1D CP-odd XVV model is used for the
CP-odd BSM coupling only. For both the X gg and the 1D CP-odd X V'V signal model,
input samples have been symmetrised (averaged) in the sign of CP-odd BSM coupling

SakAgg OF SqkAvy are used.

The SyBr4v(msqqm and Sy(Seee)mr signal models are combined to a single Svpriva
model, in order to allow for the best-prediction scaling performed in the next step.
The combination is possible, because the same set of input coupling configurations has

been used for the generation of both models.

Best-prediction scaling

While the BSM signal samples are simulated using MADGRAPHS aMC@NLO (MG5),
the SM signal can be modelled using higher order generators and higher order in-
clusive cross section calculations as described in Section .22l In order to take this
best SM prediction (BP) into account, the SM signal yields predicted by the MAD-
GRrRAPH5 aMC@NLO generator in each event category are scaled to the predictions
from the higher order generator (POWHEG-BOX) which in turn is normalised to
the highest-order inclusive cross section calculation of each process. The same best-
prediction scale factors fpp are then applied on the BSM signal samples. Two sets of

scale factors are calculated, one for ggF production and one for combined VBF and
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Table 5.6: Best-prediction scale factors applied to the morphed signal model.

Best-prediction scale factors fpp

Category ggF VBF + VH
tt H-enriched 0.9 1.9
V H-Lep-enriched 1.2 1.3
0j 1.6 1.4
1j-p3*-Low 1.4 1.3
1j-p3*-Med 1.5 1.4
1j-p3¥*-High 1.2 1.5
V H-Had-enriched-p3*-Low 1.4 1.3
V H-Had-enriched-pi*-High 0.9 1.4
VBF—enriched—pZ_'F—Low 1.2 1.0
VBF—enriched—pi—High 1.0 1.0

V H production modes.

B = Si%wm (5.19)
i = (M)
and
VBF+VH _ SVBr.;(BP) + SpYy (BP) + S5 ,(BP) (5.20)
B S\S/%FJFVH,Z‘(MGE)) ’ .

where ¢ indicates the event category.

It is assumed that the impact of higher order corrections is independent of the presence
of BSM coupling parameters. The BP scale factors therefore apply equally at every
point in the BSM coupling space. They are listed in Table [5.6] The scale factors are in
the range of 0.9 to 1.9 depending on the event category. While the scaling is between
two different NLO predictions for ggF, it is from LO to NLO prediction for VBF +V H
production. In addition, the box diagram for gluon induced ZH production is not
taken into account in the LO BSM signal samples. The highest scale factor for ggF
production occurs for the 0j category, as POWHEG-BOX tends to predict a smaller jet
multiplicity in the final state compared to MADGRAPH5 aMC@NLO.
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Corrections to the total decay width of the Higgs boson

The total decay width of the Higgs boson is the sum of the partial decay widths,
r=>T. (5.21)

The probability that the Higgs boson decays into a specific channel 4, the branching
ratio BR;, is the ratio of partial and total decay width:

BR; = —. (5.22)

With the contributions of BSM couplings at the decay vertex, both the partial and
the total width change. While the dependence of the partial decay width on BSM
couplings is implemented in the MADGRAPHS aMCQ@NLO generator for Higgs decays
into heavy vector bosons and gluons, the total Higgs boson decay width is always kept
at the value I'spr. An additional correction function depending on the BSM couplings

is used to correct the total decay width and, consequently, the branching ratios.

The event yield is proportional to the BR and, thus, to the inverse of the Higgs
boson width. The correction function fr(gssm) applied to the event yield for a given

configuration of BSM coupling parameters can therefore be written as

Fsm

I'Bsm

~ TI'sm

~ > Tipsm

B Fsm

Y Tism - figmsm)
1

N > i BRiswm - fi(gssm)’

fr(gBsm) =

(5.23)

where the index 7 indicates the decay channels of the Higgs boson. The functions
fi(gpsm) are polynomial functions of BSM coupling parameters at the decay vertices i.

In the case of SM couplings (gsm = 1, gsm = 0), all f; are equal to one.

In the present analysis, correction functions have to be assigned for H — WW,
H — ZZ and H — gg decays. Strictly speaking, the BSM XW W couplings also affect
the loop-induced H — Z~ or H — ~y7y decays. However, since the SM branching ratios
for this latter decays are very small, the impact on the total width is negligible. The
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correction function fr derived in Equation [5.23]is then given by

fr(gssm) =
_ 1
BRex + BRI - fww (gBsm) + BRSY - fzz(gssm) + BRGY - fae(gBsM)

1
©0.6740.21- fiyw (gesm) + 0.03 - fzz(gBsm) + 0.09 - fyq(gBsm)

(5.24)

with the SM Higgs boson branching ratios BRIS,%W BR%I\%, BRE‘;A to WW, ZZ and
gg and with BRZY  the sum of SM branching ratios of all other decay modes. The

correction function for H — gg decays is

fog(cakitigg, Sakingg) = (Ca“Hgg)2 +cf? (Sa“Agg)2 + ¢ - CakitggSakings (5.25)

with constant factors ¢{%. The polynomial form derives from the matrix elements

describing the process. The same procedure is used in the morphing matrix (see

Section . Similarly,

Fvw (CaksM, CakiVV, Sakavy) =(Carsm)? + "W - (carmvy)? + ey W - (saravy)?

\als Ww WW
+eg' 7 CaRSMCaRHVY + Cf 1 CaRSMSaRAVVY + €5+ CaRHVVSaKAVY (5.26)

and

fzz(caksm, CakHVV, SaKAVV) :(CaHSM)Q + ClzZ : (CcMva)2 + CQZZ : (é’a/‘%Avv)2

Z7 Z7 Z7
+c57 - CaRSMCaRHVV + €§ “ -CaRSMSaRAVY + €57 - Ca KHVV SaKAVV (5.27)

with constant factors c¢]""% and c#%..

The constant factors ¢’ c}/VW

S and ciZ Z are calculated with the matrix element morphing

method (see Section . For a discrete set of coupling parameter configurations, the
cross section times branching ratio values are calculated for ggF production with BSM
couplings entering either in production, for fy, calculation, or in the decay, for fyw,zz
calculation. The Higgs boson decays into ZZ and WW for the calculation of fz7 and
Jww, respectively. The input configurations, three for fg, and six for fyw,zz7, and
their respective cross section times branching ratio values are summarised in Table
The morphing procedure provides the analytic functions of the coupling parameters

in Equations [5.25] [5.26] and [5.27], which interpolate the cross section times branching
9 W 77
»

2

ratio values between the input values. The coefficients ¢/ and cf“ are given
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Table 5.7: The input parameter configurations and respective cross section times branch-
ing ratio values for the calculation of the correction functions f,q, fzz and
fww. The cross section times branching ratio values have been symmet-
rised with respect to the sign of spkage and sqkavy to avoid non-physical
asymmetric values!.

Configuration cos(a) KsM KHgg KAge KAVV KHVV Oget - BR[fb]
Description H— 4 H — lvlv
(L=e,p) (L=e,pu,T)

Parameter configurations and o - BR for fy, calculation

SM 1 1 1 0 0 0 4.1 -
Mixture % 1 1 0.5 0 0 1.6 —
Mixture % 1 1 =05 0 0 1.6 -

Parameter configurations and o - BR for f77 and fyw calculation

SM 1 1 1 0 0 0 4.1 745
BSM CP-even 1 0 1 0 0 1 5.3-1073 2
Mixture 1 1 1 0 0 —6 2.8 418
BSM CP-odd % 0 1 0 1 0 0.5-1073 0.2
Mixture % 1 1 0 6 6 1.5 317
Mixture % 1 1 0 -6 -6 0.7 120

Table 5.8: Coefficients of the correction functions fy v with VV = gg, Z2Z, WW.

Function Polynomial coefficients

Name cyV cyV cyV eV Vv

fog 2.3 0 - - -

fzz 1.2-107% 05-107% 0.06 —0.4-103 0.02-1073
Jww 3.0-107% 1.3-107% 0.09 -32-107% 05-1073

relatively to the coefficients of the SM term. Therefore, the coefficients to the SM
terms in the above equations, i.e. (cokingg)? for fyy and (corsm)? for fww)zz, are one.
The obtained coefficient values are listed in Table [5.8

It is important to mention that even if the modified couplings have the SM-like tensor

structure but the coupling strengths cokgm Or cokHgg are free parameters, the branching

ratio needs to be corrected by a factor (cokgm)? or (caﬁHgg)z, respectively.
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5.2 Rate-based measurement

In Figure [5.25] the correction factor fr to the inverse of the total Higgs boson width is
shown as a function of sakAgg, Caknvy and sqravy. The event yield is overestimated
before the correction over the entire range of CP-odd BSM couplings sqkage and
SakAvv, reaching up to 9% deviation for sqkage = £0.7 and 1% for sorayvy = 6.
Symmetric input was used to compute the fy, correction function with the morphing
method. While fr(sqkage) thus is symmetric a small sign asymmetry still exists in

correction function fr(sqkayyv), which is an artefact due to using two-dimensional
WW and

signal morphing in cokpvy and sqkavy for the calculation of the constants c;
cZ»ZZ . As the effect is very small, no further symmetrisation has been performed. The
event yield as a function of c,kpyy is underestimated for negative coupling values and
overestimated for positive ones. This is caused by the interference between CP-even
SM and BSM interactions with coupling parameters corgm and cokvy, respectively.
The event yield is scaled up by +11% for cokgyvy = —6 and down by —13% for

Cakuvv = +6.

5.2.3 Background estimation

The estimation of background contributions after the inclusive selection of the Higgs
boson candidates is discussed in Section [£.3.2] Here, the estimation of relative fractions

of these background contributions in each reconstructed category is explained.

The fraction of ZZ*, ttZ and VV'V background events in each reconstructed category
is estimated from simulation. The simulation is also used to simulate the relative
contributions of reducible Z+jets, tt and W Z background with muons in the subleading
lepton pair (Z — upu final state). As a cross check, the background fractions in the
Z — pp final state are also evaluated in the relazed and same sign control regions
showing a good agreement between data and simulation. Due to low number of W Z
events after the full selection, the fractions of the W Z events per category in the Z + uu
final state (relative to the total number of WZ events) is assumed to be the same as
the fractions obtained for the Z+jets process. These fractions are in agreement with

the prediction of the W Z simulation.

The relative fractions of Z + ee events from Z-+jets and W Z production is estimated
for each category using the same procedure as for the inclusive analysis, applying it to

each reconstructed category in the 3¢ + X control region individually.

The expected number of background events after the inclusive selection and fraction
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Figure 5.25: The correction factor fr to the inverse of the width of the Higgs boson
as a function of sqkage (top), caknyy (bottom left) and sqravy (bottom
right).
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Table 5.9: The expected total number of background events after the inclusive analysis
selection and fractions per reconstructed category in the four-lepton final
state for the Run-2 data set. Z + ee and Z + uu backgrounds include ¢t
and Z+jets and W Z processes. Statistical and systematic uncertainties are
added in quadrature.

Z27*  Z4ee Z4pn HZVVV

Total number of events 19.74+15 20+£03 1.64+0.3 0.26+£0.07
tt H-enriched 0.1% 1% 1% 12 %
V H-Lep-enriched 02% <01% 0.2% 3%
= 0 70 % 63 % 60 % 5%
& 1j-p-Low 16 % 15% 13% 6%
g 1j-p3¥-Med 4% 8% 12 % 10 %
= 1j-pi¢-High 1% 2% 0.3% 1%
-2V H-Had-enriched-p4/-Low 3% 3% 4% 15 %
E V H-Had-enriched-p4/-High 0.1% 1% 0.2% 1%
VBF-enriched-p/.-Low 5% 6 % 9% 42 %
VBF-enriched-p/-High 0.5% 1% 1% 6%

(in percent) for each reconstructed category are shown in Table 5.9 The of ZZ*,
Z + ee and Z + pp background contribute mainly to the 05 category, followed by the
1 j—p4Te—Low category. Relative contributions to categories with high p‘% and p%l values,
as well as to the V H-Lep-enriched and ttH-enriched categories are small. Rare ttZ
and VVV processes have a different decay topology, resulting in a highest fractional
contribution to categories with at least two jets, steered by the contribution of the ttZ
process. The total contribution of these rare background processes is however very

small.

5.2.4 Systematic uncertainties

A pedagogical introduction to measurement uncertainties and in particular to systematic
uncertainties can be found in Section where the uncertainties of the shape-based
analysis are described. The precision of the rate-based tensor structure measurement
is dominated by the statistical error. Systematic uncertainties have very little impact

on the final results. The general sources of systematic uncertainties in the four-lepton
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final state described in Section are also valid for the rate-based measurement.
The rate-based measurement of the tensor structure of the Higgs boson couplings is
based on the event yields per category. Therefore, any uncertainty on the total yield or
on the relative fractions per category will affect the final measurement, as discussed in
the following. First the experimental and then theoretical systematic uncertainties will

be discussed, followed by a summary of the impact from the most dominant sources
shown in Table [5.10l

Experimental uncertainties

The experimental uncertainties include the uncertainty on the measurement of the
integrated luminosity, the uncertainty related to the reconstruction of leptons and jets,
uncertainties from the modelling of pile-up events, and also the uncertainty related to

the data-driven background estimation.

The luminosity of the analysed Run-2 data set is measured with a precision of 3.2 %
(see Section [2.3.4)).

The uncertainties related to leptons and jets are evaluated as described in detail in
Section [B] The uncertainties in the predicted yield due to the lepton identification
efficiency is up to 1% for muons and up to 1.3% for electrons. The lepton isolation
efficiency uncertainty is about 2 %. The electron energy and muon momentum scale
uncertainties are negligible for the presented measurement. The uncertainties on the
jet energy scale and resolution are up to 7% and up to 4 %, respectively. The flavour
tagging uncertainty for identifying b-jets is at the level of a few percent over most of

the range of the jet transverse momentum.

The modelling of the pile-up events is corrected using the measured inelastic cross
sections [166]. The related uncertainty is evaluated by varying the average number of
pile-up events according to the uncertainty of the ratio of predicted to the measured
cross section values. The corresponding uncertainty amounts to 2% on the predicted

yields and is propagated to all simulated events.

Several sources contribute to the uncertainty of the data-driven background estimate.
The systematic uncertainty of the inclusive Z + pp background estimate and the
Z + ee background estimate in each reconstructed category is evaluated by comparing

data with an on-shell Z-boson decay accompanied by an electron or muon to the
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corresponding simulation. Additional small uncertainty is assigned to these estimates
due to limited statistical precision of the control data. These two uncertainties are

considered to be correlated across the reconstructed categories.

Theoretical uncertainties

Theoretical uncertainties include the uncertainty on the theoretical modelling of the
signal and the background processes. They are grouped into QCD scale uncertainty,
the PDF-+ag uncertainty and the parton shower uncertainty. A detailed descrip-

tion of each group and of the estimation of the related uncertainty can be found in

Section [5.1.3

The theory uncertainty of the signal prediction is the main systematic uncertainty of
the measurement. The impact of PDF, QCD scale and parton shower uncertainties is
evaluated separately for all Higgs boson production modes using simulated SM samples
and applied to the SM and BSM signals.

For the evaluation of the Higgs signal uncertainty related to the parton distribution
function (PDF), the strong coupling constant as with nominal vale 0.118 was varied
by £0.0015.

The prediction of the ggF contribution in categories with different jet multiplicities
is particularly sensitive to the QCD scale choice. The impact on the inclusive cross
sections and migration of events between different jet bins is studied using the approach
described in [167].

An additional 2 % uncertainty of the H — ZZ* branching ratio calculation is applied
to all SM and BSM predictions.

An uncertainty is assigned to the best-prediction scaling of the VBF +V H signal
model for the XVV interaction vertex: The VBF and V H models are generated at
LO in QCD, while the best-prediction for the SM is at NLO. It is assumed that higher
order scale factors (i.e. best-prediction scale factors) are the same for the SM and
the BSM signal. The uncertainty on this assumption is obtained by comparing NLO
simulations of VBF and V H processes to the standard LO samples. The deviation from
the best-prediction scale factors shown in Table is up to 15 % for non-zero BSM
couplings. No such uncertainty is assigned at the SM point in the coupling parameter

space, since the best-prediction scale factors are evaluated at that point.

The theory uncertainty of the dominant ZZ* background consists of an uncertainty
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related to the scaling of the predicted yield due to missing higher order electroweak
and QCD effects, and the PDF and QCD scale uncertainties for the gluon fusion and
quark induced productions. These uncertainties are also taken into account for the rare
ttZ background. Due to the small contribution to this process to the total expected

yield, this uncertainty has a negligible impact on the final results.

Impact of systematic uncertainties on measurement results

The impact of one or a group of sources of systematic uncertainties is evaluated by
comparing the nominal prediction with the one in which a given quantity (such as
electron energy scale) is shifted by one standard deviation uncertainty on the quantity.
The uncertainties of the event yields in each reconstructed category are implemented
as nuisance parameters in the framework for the statistical interpretation of data
(see Section . The theoretical uncertainties calculated for the SM signal are
assumed to be the same for all BSM points with exception of the best-prediction
uncertainty, which is evaluated separately for each BSM morphing input sample. The
experimental uncertainties are also calculated separately for the SM and each BSM
sample. The best-prediction and experimental uncertainties for an arbitrary BSM
point are obtained by interpolation during the morphing. In Table the impact of

systematic uncertainties on the total expected signal yield is summarised.

All experimental uncertainties have a similar impact on the expected total yield with
the luminosity uncertainty having the largest impact. The theory uncertainty with the
largest impact is due to the QCD scale uncertainty in the ggF signal prediction. The
impact of the ZZ* and signal PDF uncertainties is of the similar size of the impact of
experimental uncertainties, while the impact of the parton shower uncertainties is very
small. As discussed previously, the uncertainty on the best-prediction scaling of the
VBF +V H signal model has no impact on the SM expectation and a small impact for

BSM scenarios in the parameter range under study.
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Table 5.10: The relative change of the predicted total event yield for different sources
of systematic uncertainties, obtained for the Run-2 data set.

Experimental uncertainties [%] Theory uncertainties %]
Lumi e, p Jets, flavour Reducible 77Z* Signal theory
pile-up tagging backgr. | backgr. PDF QCD scale Parton Best-prediction
ggF Total shower scaling
VBF +VH
Relative impact on the total predicted yield
SM 3% 2% 1% 1% 2% 2% 6% 5% 0.1% —
BSM (cornyvy = 3.0) 0.6 %
(Sakavv = 3.2) 0.3%

5.2.5 Results of model fits to the data
Fitting method

The constraints on the BSM coupling parameters are obtained in a similar manor as
for the shape-based measurement (see Section from binned maximum likelihood
fits to the data using the profiled likelihood ratio method. The likelihood functions
are the product of Poisson probabilities with mean s;(k, 6) + b;(6) multiplied with the

constraint terms for the nuisance parameters 6

NCategories NNuisance
Ls,0) =[] Plulsis,0)+0:0) x J[ Am(®), (5.28)

where K = (CakHge, SaFAgg, CakSM, CaKHVV, SakAvY) s the vector of coupling para-
meters, § = (6,,,) is the vector of nuisance parameters corresponding to systematic
uncertainties, n; the observed number of events in category 7 of in total Ncategories = 10
categories and s; and b; signal and background models for category i, respectively.
All systematic uncertainties summarised in Section are included in the stat-
istical model with Nnuisance Nuisance parameters, where each nuisance parameter
m is constrained with a Gaussian constraint term A,, that represents an external

measurement.

A combined likelihood fit of the expected event yields in the different categories
performed with the couplings as free parameters. While the event yields are not
sensitive to the sign of the CP-odd BSM couplings sqkavy and sqkage, there is a

sign sensitivity for the CP-even BSM coupling cqxmvy, due to the interference with
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the CP-even SM coupling contribution (coksy). For VBF production the interference
leads to a larger expected yield for positive values of corvyv. The effect is opposite
for the V H production.

Fits with different assumptions on the BSM coupling parameters have been performed.
First, coupling parameters sqkage, CakHvy and sakavy are measured one at a time,
always assuming that all other BSM coupling parameters are equal to zero, and with
CakHgg and cqkgy parameters fixed to the SM expectation, i.e. equal to one. Second,
the above measurements of X V'V coupling parameters corpvy and sqrayvy are addi-
tionally performed by allowing the different strength of the SM-like interaction term,
i.e by letting cokgm be a free parameter of the fit. This measurement is performed
in order to study to which extent the deviations from SM observed in data can be
assigned to the SM-like interaction with modified strength and how compatible/big is
the remaining BSM coupling contribution. Finally, the c,rkpvy and sqkayy parameters
have been probed simultaneously under assumption of c,kgm = 1 or with free cokgm.
As a last correction to CP-odd symmetrising (see Section , the two-dimensional
likelihoods in cokpvy and sqkayvy are averaged with respect to the sign of the CP-odd
parameter. This is necessary, because for the two-dimensional signal model in sqxavv
and coKkivy space, it is difficult to symmetrise inputs. A complete symmetric sqkavv
basis would lead to an insufficient modelling of the c,kvy parameter.

The BSM couplings are assumed to have no influence on the SM background pro-

cesses.

The limits on the coupling parameters are again evaluated under the asymptotic
approximation [161]. The 68 % and 95 % CL intervals are computed assuming that
the test statistic is following a Chi-squared distribution with one or two degrees of
freedom in case of one or two parameters of interest, respectively (see Appendix .
Provided the best-fit values for the BSM coupling parameters are not given by the SM
expectation, i.e. kpgm # 0, the discrepancy is quantified by converting the p-value
at the SM point into an equivalent significance Z using a two-sided fluctuation of a
normal distributed variable:

Z =1 (1 - g) : (5.29)

where @1 is the quantile (inverse of the cumulative distribution) of a normal distribu-

tion.
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Observed event yields

The observed event yields (per event category and total) and the corresponding ex-
pectation from the SM prediction are shown in Table for the Run-2 data set
with an integrated luminosity of 36.1fb~! at /s = 13 TeV. A moderate excess of
events above the SM prediction is observed. In the rate-based measurement the signal
strength p, which has been introduced in Section [5.1.4] is specifically modelled as
function of coupling parameters, see Equation in case of the SM. The observed
moderate excess can be assigned to an enhanced signal strength of y = 1.28J_r8:% when
all other BSM parameters are set to zero and assuming that pger = pyvpp v . The
excess is mainly observed in the VBF-enriched categories, while all other categories
have a moderate excess (05, 1j-pi-Med and 1j-pi‘-High) or agree with the SM expec-
tation (1 j—p4T€—Low and VH —Had—enriched—p‘lTE-Low). Also in agreement with the SM
expectation, no events have been observed in the ¢t H-enriched, V H-Lep-enriched and
VH —Had—enriched—p%é—High categories.

Additional BSM Higgs boson couplings will affect the total event yield and the fractional

yield per reconstructed category. A comparison of the observed event yields, and those

Table 5.11: Observed and SM expected numbers of signal and background events in the
different categories of the four-lepton decay channel after the rate-based
analysis selection for the Run-2 data set. Other backgrounds than ZZ*
are tt, Z+jets, rare triboson and ttZ processes. Statistical and systematic
uncertainties have been added in quadrature [146].

Reconstructed Signal A Other Total Observed
event category background backgrounds expected

tt H-enriched 0.39+0.04 0.014 £0.006 0.07 £ 0.04 0.47 +0.05 0
V H-Lep-enriched 0.318 £0.019 0.049 £0.008 0.0137 +£0.0019 0.380 £ 0.020 0
05 26.8 £2.5 13.7+1.0 2.23 £0.31 42.7+£2.7 49
1j—p4Té—LOW 88+1.1 3.1+£04 0.53 £ 0.07 125+£1.2 12
1j—p4T[—1\'Ied 54+0.7 0.88 +£0.12 0.38 £0.05 6.7+0.7 9
17-p3¥-High 1.474+0.24 0.139+£0.022  0.045 4+ 0.007 1.65+£0.24 3
VH-Had-enriched-p“T['-Low 29+05 0.63 +0.16 0.169 + 0.021 3.7+£0.5 3
V H-Had-enriched-p4‘-High ~ 0.64 £0.09  0.029 £0.008 0.0182+0.0022  0.69 +0.09 0
VBF—enriched—p%—Low 6.3+0.8 1.08 £0.32 0.40 +0.04 7.7+09 16
VBF—enriched—p]f—High 0.57+0.10  0.093 +£0.032  0.054 £ 0.006 0.72+0.10 3
Total 54+4 19.7+1.5 39405 TT+4 95
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Figure 5.26: Observed (black points) and expected event yields in the different categor-
ies of the four-lepton decay channel after the rate-based analysis selection
for the Run-2 data set. Predictions are shown for the case of the SM signal,
caksM = 1, cakHge = 1 and others zero, (solid blue), and for additional
BSM couplings sqkage (dotted red), cormvy (dashed green) or sqkavy
(dashed red).

expected for several different values of BSM coupling parameters (SM, sqkage = 0.43,
cakuvy = 2.9 and sqkayy = 2.9) is shown in Figure m The coupling values have
been chosen according to the best-fit values obtained from the fit to data discussed
later on. Observed and expected SM event yields are in a reasonable agreement.
The BSM scenarios show a better agreement with data in most of the categories.
The signal models in all categories together with the observed data can be found in
Appendix [I

In Figure [5.27] the observed and the expected distributions predicted by the SM are

shown for the variables employed in the categorisation of Higgs boson candidates: the
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5.2 Rate-based measurement

jet multiplicity N; after the inclusive analysis selection, the transverse momentum p4Tl
of the four-lepton system in the 15 categories, the invariant mass mj; of the dijet system
in the 2j categories, p4Tl in the V H-Had-enriched and the transverse momentum pil of
the leading jet in the VBF-enriched categories. Reasonable agreement between data
and expectation can be seen for all distributions except the dijet invariant mass and
the jet transverse momentum, which are affected by the observed excess of events in

VBF-enriched categories.

Categorisation studies

The splitting of the V H-Had-enriched and VBF-enriched categories specifically target
BSM couplings in the HV'V vertex. The performance of p‘%l and p%} with different cut
values has been tested resulting into the categorisation scheme discussed in Section[5.2.1]
The results of the study are summarised in Table While all categorisations with
splitting in the N; > 2 categories improve the limits up to 10%, no large difference
between variables is observed. At the end, variables in agreement with the simplified
template cross section framework are used: For VBF production p]fl is recommended,
the VBF-enriched category is split into two sub-categories: p{rl < 200 GeV and
pffl > 200 GeV. For V H-hadronic production no variable is suggested in the simplified
template cross section framework, but the transverse momentum of the vector boson p¥
is recommended for V H-leptonic production. Therefore, p‘}rl is chosen, as it is closely
related to p¥ , but has a better experimental resolution and less associated uncertainty
than the dijet transverse momentum. The V H-Had-enriched category is split into two
sub-categories: p%f < 150 GeV and p%g > 150 GeV.

Systematic uncertainties

In Table the impact of systematic uncertainties on the observed best-fit values
of coupling parameters is summarised. For the impact of uncertainties on the best-fit
value of a given coupling parameter, the maximum relative shift between the nominal
(%) and the new (&) best-fit value Elg E is shown.

The largest impact is caused by QCD scale uncertainty (mainly ggF) in the Higgs

boson signal prediction. The impact of this systematic uncertainty is the largest for
the sqkage coupling parameter due to the rapid increase of expected event yields with

increasing parameter values. The second largest impact on the best-fit value originates
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Figure 5.27: The observed and SM expected distributions of categorisation variables
for the Run-2 data set assuming a Higgs boson mass of 125.09 GeV. From
top left to bottom: the jet multiplicity N; after the inclusive analysis
selection, the transverse momentum p‘}rl of the four-lepton system in the 15
categories, the invariant mass mj; of the dijet system in the 2j categories,
pﬁg in the V H-Had-enriched and the transverse momentum pf'fl of the
leading jet in the VBF-enriched categories [146].
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5.2 Rate-based measurement

Table 5.12: Confidence intervals at 95 % CL for BSM CP-even coxpvy and CP-odd
Sakavy couplings in the interaction XVV vertex estimated with a SM
Asimov data set for the Run-2 data. Different variables and values for a
splitting of the V H-Had-enriched and VBF-enriched categories have been
compared with no splitting. Only statistical uncertainties have been taken
into account. Non-physical asymmetric regions for the CP-odd coupling
have been symmetrised by taking the maximum value?.

95 % CL confidence interval on BSM coupling in XVV vertex

with different categorisations

VBF-enriched Pi, 200 GeV

no T p

V H-Had-enriched splitting T T
150 GeV | 120 GeV 150 GeV 200 GeV
BSM CP-even cokpvy | [—3.5,2.9] | [-3.2,2.7] [-3.2,2.8] [-3.1,27] [-3.1,2.7]
CP-odd sqkavy [-3.9,3.9]" | [-3.5,3.5] [-3.5,3.5] [-3.5,3.5] [-3.5, 3.5]

from the experimental systematic uncertainties in particular the luminosity uncertainty
and the combined jets and flavour tagging uncertainties.

Because the event yield is the measured quantity, the main systematic uncertainties
follow, as expected, the rating based on the change of the event yield shown in Table[5.10}

Table 5.13: The relative change of the observed best-fit value of the BSM coupling
parameters for different sources of systematic uncertainties, obtained for
the Run-2 data set.

Experimental uncertainties |%)] Theory uncertainties |%)|
Lumi e, b Jets, flavour Reducible Z7* Signal theory
pile-up tagging backgr. | backgr. PDF QCD scale Parton Best-prediction
ggF Total  shower scaling
VBF +VH

Relative impact on the observed best-fit value
SakAge | 10% —10% -12% 2% 5% % -14% -14% 0% -
cokuvv | 5% —4% —6% -1% —-3% 1% —-19% -15% -2% 3%
Sakavy | 6% —4% -9% 1% —4% 1% -29% -24% -3% 4%
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Chapter 5 Measurement of the tensor structure of the Higgs boson couplings to gauge bosons

Sensitivity per category

The analysis sensitivity per reconstructed category is evaluated by performing the
statistical interpretation in only one category at the time. The results for the most
sensitive categories are summarised in Table Only categories in which the sensit-
ivity allows for exclusion at 95 % CL limits within the explored parameter range are
shown.

For the sykage parameter, the expected most sensitive category is the 0j category
which is very pure in gluon fusion production. In data, the VBF-enriched categories also
provide constraints due to the observed excess of events, both the 0j and VBF-enriched
categories contribute to the observed non-zero best-fit value of sqakagg of the combined
fit, which will be discussed in the next section.

Categories enriched with V H or VBF production modes provide the highest sensitivity
to corpgvy and sqkavy coupling parameters because the event yield in these categories
increases proportionally with ”%SM' The observed excess of events in VBF-enriched
categories results in non-zero best-fit values c,kpyv and sqkavy of the combined fit
which will be discussed below. In the V H-enriched categories a slightly higher yield
is expected from the SM prediction than observed. Therefore, the non-zero coxkgyvv
best-fit values for the V H-enriched categories reported in Table may be surprising
at first. This becomes more intuitive when recalling that the minimum of the VH
signal yield is not expected at the SM point, but rather shifted to positive cormvy
values due to the interference between the SM and BSM CP-even coupling interactions
(see Appendix. Thus, smaller number of observed events compared to SM prediction

in these categories results in a positive best-fit ¢ kvy parameter value.

Constraints on the coupling parameters

The results of one-dimensional likelihood scans probing one of the coupling parameters
at the time (sqKAgg, CakHVV OF Sakavy) are summarised in Table The expected
and observed confidence interval at 95 % CL, the best-fit values and the number of
standard deviations from the SM prediction are shown. The SM prediction includes
Higgs boson signal and background processes. For the corpvv and sqkayy parameters,
both results with the SM-like coupling c,ksm parameter set to one or left floating are

reported.
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5.2 Rate-based measurement

Table 5.14: Observed and expected 95 % confidence intervals for the BSM coupling
parameters KBsM =(SaKAge, CaKHVV, Sakavy) in the X gg and X V'V inter-
action vertices from the rate-based analysis of the Run-2 data together with
the corresponding best-fit values and the deviations from the SM prediction
evaluated separately for each and for combination of all categories. Only the
most sensitive categories are listed, in which the 95 % confidence interval
lies within the scan boundaries (SB), SB= £0.7 for sqrags parameter, and
SB= £6 for corpvy and saravy. The SM couplings coknge and coksm
are fixed to the SM expectation. Non-physical asymmetric intervals for the
CP-odd coupling have been symmetrised by taking the maximum of the
positive and negative limits (marked by T).

BSM coupling kpsm 95 % CL confidence interval Observed Deviation

and fit configuration Expected Observed Best-fit kKggm ~ from SM

KBSM = SaKAgg,
cakigM = 1 and colifgg = 1

0j [~0.54, 0.54] [~0.67, 0.67] £0.33 0.80
VBF—enriched-p%—Low |SB, —0.36] U [0.36, SB] +1.12 240
VBF—enriched—pf.f—High |SB, —0.08] U [0.08, SB[ +2.13 200
Combined [—0.47, 0.47] [-0.68, 0.68] +0.43 1.8¢

KBSM = CaKHVV, CakisM = 1 and cqkipgg = 1

V H-Lep-enriched [—4.9, 5.8] [-3.6, 5.0] 1.1 0.50
V H-Had-enriched-p#-High [~5.6, 5.3] [—4.1, 4.3] 0.5 020
VBF—onrichcd—p%;—Low |SB, 6.0] |SB, —4.4] U [2.0, SB[ 6.3 240
VBF—enri(zhed—pJ;f—High [-5.8, 4.2] |SB, —0.4] U [0.1, SB[ 3.5 200
Combined [~2.9, 3.2] 0.8, 4.5] 2.9 230

KBSM = SaKAVV, CatisM = 1 and cakpgg = 1

V H-Lep-enriched [-5.3, 5.37] 0.0 -
V H-Had-enriched-p4{-High [-5.8, 5.81] [—4.5, 4.5] 0.0 -
VBF-enriched-p/,-Low |SB, —3.2] U [3.2f, SB] +8.0 240
VBF—enriched—pi—High [-5.2,5.2f]  ]SB, —0.1]U[0.1, SB[ +4.3 200
Combined [—3.5, 3.5] (5.2, 5.2 +2.9 l4o
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Table 5.15: Observed and expected confidence intervals at 95 % CL for the BSM coup-
ling parameters sokAgg; Cakuvv and sqaravy in Xgg and X V'V interactions
together with the corresponding best-fit values and deviations from the
SM prediction obtained for the Run-2 data set [146].

BSM coupling Fit 95 % CL confidence interval Observed best-fit Deviation
KBSM configuration Expected Observed KBSM  CaRsSM from SM
SakAgg (Caktge =1, cakgm = 1) [-0.47,0.47] [-0.68, 0.68] +0.43 - 1.8¢0
CaKHVV (Caktgg =1, cakism = 1) [—2.9, 3.2] [0.8, 4.5] 2.9 — 230
CaKHVV (cakHge = 1, caksm free) [-3.1, 4.0] [—0.6, 4.2] 2.2 1.2 1.70
SaKAVY (cakHgg = 1, caksm = 1) [—3.5, 3.5] [-5.2,5.2] +29 - l4c
SaKAVV (cakHge = 1, caksm free) [—4.0, 4.0 [—4.4,4.4] +£15 1.2 0.50

In data, a non-zero best-fit value of sakage = £0.43 corresponding to a non-significant
deviation from the SM prediction of 1.8 ¢ is preferred due to the observed excess of
events in the 05 and VBF-enriched categories as discussed previously.

The observed excess of events in VBF-enriched categories results in non-zero best-fit
values cokpyvy = 2.9 and saravy = £2.9. If the coxgm coupling parameter is left
free in the fit, the expected confidence interval at 95% CL increase by 10%. The
observed excess is partially absorbed in an enhancement of the c,kgy value by 20 %.
As a consequence, the best-fit values of cokmyy (Sakavy) parameters decrease and the
deviation from the SM prediction is reduced from 2.30 (1.40) to 1.7¢ (0.50).

The observed and expected distributions of the test statistic dependence on the given
BSM coupling parameters are shown in Figures and No sign sensitivity is
available for the BSM CP-odd s,kage and sqkavy parameters, while the positive sign
of the BSM CP-even parameter c,kpyy is preferred by the fit. Due to the observed
excess of events above the SM prediction, non-zero values of BSM coupling parameters
are favoured. However, the corresponding deviations from the SM prediction are all
deviations within 2 ¢ at most, i.e. not significant enough to claim any evidence of new

couplings.

The findings of the one-dimensional likelihood scans of the BSM coupling parameters
in the XV'V interaction vertex with free SM coupling parameter in the fit can be
extended by a two-dimensional likelihood function where the cokpyvy or sqkavy and
caksM coupling parameters are probed simultaneously. The observed and expected

two-dimensional contours of the test statistic surrounding the confidence regions at
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Figure 5.28: Observed (black) and SM expected (blue) dependence of the test statistic
on the s4Kage coupling parameter for the rate-based analysis of the Run-2
data set. The horizontal lines indicate the 68 % and 95 % confidence levels
assuming a x? distribution of the profiled likelihood ratio.

95 % CL in parameter space are shown in Figure for the cormyy (left) and soravy
(right) coupling parameters. The coupling parameter values inside the elliptical form
encasing the SM point are allowed at 95 % CL, while the values outside are excluded.
The two-dimensional test statistic contour in case of sq,kayvy and coksm coupling
parameters is fully symmetric, while the BSM CP-even and SM CP-even coupling
parameters can be distinguished for negative c,k1vy values where the interference is
highest. Thus, the two-dimensional test statistic contour is asymmetric. The resulting
best-fit values and deviations from the SM prediction are shown in Table The
findings of the one-dimensional scans are confirmed, the best-fit values are almost
identical, only a small difference in best-fit c,kgyy coupling parameter is observed.
The tension to the SM prediction is enhanced with respect to the one-dimensional scans,
but still at the level of two standard deviations. Therefore, no significant difference is

observed.
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Figure 5.29: Observed (black) and SM expected (blue) dependence of the test statistic
on cakpvy (top) and sqkavy (bottom) coupling parameters for the rate-
based analysis of the Run-2 data set. The test statistic distribution is
shown with SM coupling parameters fixed to the SM expectation (left)
and free (right) in the fit. The horizontal lines indicate the 68 % and
95 % confidence levels assuming a y? distribution of the profiled likelihood
ratio.
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Figure 5.30: Observed (black) 95 % CL contour of the test statistic compared to the SM
expectation (blue), obtained from a two-dimensional fit of CP-even (left)
and CP-odd (right) BSM couplings cokpyy and sqkavy and the CP-even
SM coupling coksm at the XVV vertex to Run-2 data. The coupling
CaKHgg 15 set to the SM value in both cases, while sqokavy (caknvy) are
set to zero for the corpvy (SQHAvv) scans.

Table 5.16: The best-fit values of the BSM coupling parameters c,kpvy and Sqkavy
and deviation from the SM prediction obtained from the two-dimensional
fits of the parameters (cokpvv,caksm) and (SaKAVVY,CaksM) Parameters
to the Run-2 data set.

Fit configuration Observed best-fit Deviation from SM
CaRHVV ~ SaRAVV ~ CaKSM

CakHgg = 1, sSakavy =0 2.1 — 1.2 210

Cakitgg = 1, cakpyy = 0 — +1.5 1.2 1.50

The CP-even and CP-odd BSM coupling parameters in the XV'V interaction vertex
are additionally probed simultaneously by a two-dimensional likelihood function. The
observed and expected two-dimensional contours of the test statistic surrounding
the 95 % CL confidence regions in parameters space are shown in Figure for fit
configurations with the fixed (left) and free-floating (right) SM coupling parameter
caksm. The best-fit value for the c,kpyvy parameter is similar to the value obtained

in one-dimensional scans, while the best-fit value for the soxavy parameter is reduced,
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Figure 5.31: Observed (black) 95 % CL contour of the test statistic compared to the
SM expectation (blue), obtained from a two-dimensional fit to Run-2 data
of CP-even and CP-odd BSM couplings cokvy and sqkavy at the XVV
vertex with the CP-even SM coupling corsy = 1 set to the SM value
(left) and free (right). The coupling cokngg is set to the SM value in both
cases.

Table 5.17: The best-fit values of BSM coupling parameters corkpyvy and sqkayy and
their deviations from the SM predictions from the two-dimensional fit of
cokuvy and sykayy to the Run-2 data set [146].

Fit configuration Observed best-fit Deviation from SM
CaRHVV ~ SaRAVV ~ CaRsM

CakHgg = 1, Cakism = 1 2.9 +0.5 — 190

CakHgg = 1, Caksm free 2.1 +0.3 1.7 120

moving closer to the SM prediction. The resulting best-fit values and deviations from
the SM prediction are quoted in Table [5.17]

The expected sensitivity is reduced with an additional free parameter in the fit,
therefore a larger coupling parameter phase space can be excluded, when the SM
coupling parameter is fixed compared to a free SM coupling parameter. This behaviour
is opposite for the observed distribution of the test statistic. With free SM coupling

parameter the observed excess is attributed to an enhanced value of the SM coupling
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parameter of c,ksy = 1.7. Subsequently, the deviation of the fit result from the SM
prediction is reduced from 1.9¢0 to 1.20. For the sy,kayy coupling parameter, a larger
phase space can be excluded with free SM coupling parameter, since the excess is
more SM-like and less s,kayvy BSM contribution is needed to explain the excess. For
CcakHVV, roughly the same area is excluded for fixed and free SM coupling parameter
with exception of the area close to the SM point, where the interference with the
SM CP-even coupling parameter is highest. At values of c,rpyy roughly at —1, the
predicted event yield is at a minimum and can only be enhanced with a free SM

coupling parameter or moving away from syrxavy = 0.
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5.3 Comparison of the tensor structure measurements

The shape and the rate-based tensor structure measurements in Sections and
are compared to each other and to other measurements of the ATLAS and CMS

experiments.

5.3.1 Shape and rate-based analyses

As has been mentioned at the beginning of this chapter, there are two types of CP-
sensitive observables available: the rate and shape information. While the shape-based
analysis is purely based on the latter information the rate-based analysis uses a
combination of both types of CP-sensitive observables. Both measurements constrain
BSM coupling parameters in the XVV interaction vertex, therefore the confidence
intervals at 95% CL expected in the SM are compared. The comparison is not
straightforward since the result of the shape-based analysis can be reported in terms of
ratios of BSM and SM coupling parameters, while this is not possible for the rate-based
analysis, as the total cross section depends on both BSM and SM coupling parameters.
Thus, a comparison is only given for a specific configuration with the SM coupling
parameters fixed to their SM values, i.e. corsm = 1 and cokngg = 1 for the rate-based
analysis. For the shape-based analysis, the sensitivity is retrieved by using a SM
Asimov data set with u = 1. The comparison is still only approximate since the
two analyses approaches are based on data sets with different integrated luminosities

collected from collisions at different centre-of-mass energies.

The observed and expected confidence intervals at 95% CL for the BSM coupling
parameters are reported in Table for both analyses in the H — ZZ* — 4/ final
states. The coupling parameters of the rate-based analysis are translated into the
parameters of the shape-based analysis using Equation In the present setup, only
the shape-based analysis is sensitive to the sign of the CP-odd coupling xavvy, while
both analyses are sensitive to the sign of the CP-even coupling parameter skyvy due
to the interference of the SM and BSM CP-even couplings.

The shape-based analysis is over an order of magnitude less sensitive to the studied
coupling parameters than the rate-based analysis since the rate information is much
more sensitive to the presence of BSM coupling parameters. Since both measurements

are dominated by statistical uncertainties, their sensitivity improves with the integrated
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Table 5.18: Comparison of observed and expected 95 % confidence intervals for CP-even
and CP-odd BSM couplings cokpvy and sqkavy at the XVV interaction
vertex from the shape- and rate-based tensor structure measurements in
the H —» ZZ* — 44 channel with Run-1 and Run-2 data, respectively. In
the rate-based analysis, the SM coupling parameters cokHgg and coksm
are fixed to the SM expectation of 1.

Analysis BSM coupling Fit 95% CL confidence interval Best-fit value
type configuration Expected Observed Observed
g H—ZZ* -4

2}

,g Run-1, 4.5fb~" and 20.3 at /s = 7 and 8 TeV

& Fvy/ssu [—o00, —1.8] U [~0.85, 00]  [—0.75, 2.45] 0.2
@0 (Favv/ksum) - tan a [=5.7, 5.7] [—2.85, 0.95] -0.8
- H— 77" — 4

o]

é Run-2, 36.1fb~! at /s = 13 TeV

$ CaFHVY Cakitigg = 1, Catisy = 1 [~0.18, 0.20] [0.05, 0.28] 0.18
~ SaFAVY Cokitigs = 1, Carisy = 1 [-0.22, 0.22] [-0.32, 0.32] +0.18

luminosity L by a factor v/L and the number of signal and background events in Run-2
data increases by a factor of two compared to Run-1. Even if the size of the analysed
data set and the number of selected signal and background events would be the
same for both analysis approaches, the shape-based sensitivity is still one order of
magnitude worse than in the rate-based analysis. The disadvantage in using the
rate information is, however, the loss of the direct sensitivity to CP violation since
the CP-even contributions are always present in the total rate and a purely CP-odd
sensitive discriminant cannot be defined anymore. The two approaches are therefore
complementary: once a deviation from the SM has been found in the rate-based
analysis, a shape-based analysis can be employed to identify more precisely the exact

source of deviation and probe for the CP violation in the Higgs sector.

5.3.2 Other measurements

Other measurements studying the CP-structure of Higgs boson XVV interactions
have been conducted assuming that it is a spin zero particle: the CMS collaborations
published several studies with H — ZZ* — 4¢ and H — WW™ — {v/lv final states |16},
53-55|, and the ATLAS collaboration studied the X V'V structure in the VBF Higgs
boson production reconstructing the Higgs boson in H — 77 decays [168|. The X gg

interaction vertex has only been studied in the rate-based analysis presented within
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this thesis. All Higgs boson tensor structure measurements are in agreement with the

SM expectation.

The results of the tensor structure analysis in H — 77 decays by ATLAS are formulated
in an effective field theory framework using a similar strategy as the shape-based analysis
to constrain CP violating admixtures to the X V'V interaction vertex in VBF production.
A CP-sensitive discriminating variable based on the kinematic properties of the dijet
system in VBF production has been constructed using the matrix element method.
No rate information has been employed. Deviations from the SM are parametrised
with the parameter d= —(Ravv/ksm) - tan o, which is zero in the SM and non-zero in
the case of CP violation [168]. So far only 20.3fb~! of data at \/s = 8 TeV have been
analysed which is not yet enough to obtain 95 % CL intervals. Therefore the analysis
results are not used in the comparison. The 68 % CL interval, d € [—0.11,0.05], is,
however, a factor of ten better than the one of the shape-based and similar to the

results from the rate-based measurement.

Eleven anomalous coupling parameters contributing to the XVV interaction ver-
tex have been constrained by the CMS experiment based on H — ZZ* — 4¢ and
H — WW* — (vlv events from the Run-1 data set [16]. The CMS results for
parameters studied in this thesis (cokpyy and sakayy) have been superseded by new
measurements based on the combined Run-1 and Run-2 data using only H — ZZ* — 44
decays [53].

The CMS strategy is similar to the one used in the shape-based analysis: a three dimen-
sional matrix element based discriminant is constructed for each coupling parameter,
where one discriminating variable suppresses the dominant ZZ* background and the
other two are sensitive to the magnitude of the BSM coupling parameter and its inter-
ference with the SM CP-even coupling, respectively. With the larger Run-2 data set a
separate analysis of Higgs boson production via VBF and V' H was possible. Therefore
the Higgs boson events recorded in 2016 have been categorised into a VBF-enriched
category, a V (— qq)H-enriched category and an untagged category for the rest. The
Run-1 data and the data collected in 2015 have been assigned to the untagged category.
The CP-sensitive discriminants in the VBF and the V(— ¢gq)H-enriched categories
have been constructed using the full kinematic information of the Higgs boson decay
products and the two-tagging jets from the production process. The CP-sensitive
discriminants in the untagged category use only the four-lepton kinematics. In the
previous CMS publication |16], a two-dimensional analysis has been performed for the

CP-even and CP-odd BSM coupling parameters, while the most-recent measurement
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probed one coupling at a time. The ratio of observed rate and the corresponding SM
expectation is parametrised with a set of signal strength parameters, that are left free in
the fit: for the 2016 data uy is used for VBF and V H production and pp for all other
production modes, while prrev, sTev and pistey are the additional multiplicative
signal strength parameters for data sets recorded in 2011, 2012 and 2015, respectively.
The BSM coupling parameters are introduced within the framework of anomalous
couplings [50], described in Sectionm where the most general amplitudes compatible
with Lorentz and gauge invariance are written down. Under the assumption of real
and constant anomalous couplings, the parameters can be translated into the Higgs

characterisation framework formalism. The translation is given in Equations and

L.44

In Table[5.19|the expected and observed confidence interval at 95 % CL for BSM CP-even
and CP-odd parameters in the XV'V interaction vertex are shown as obtained by the
CMS collaboration using the H — ZZ* — 4 decay channel in a combined Run-1 and
Run-2 data set with 5.1fb=1, 19.7 fb~! and 38.6 fb~! recorded at /s = 7, 8 and 13 TeV,
respectively |53]. The measurements presented within this thesis are reported in the
same table. The nomenclature with coupling parameters of the shape-based analysis is
used.

The comparison is only approximate due to the reasons mentioned in the previous
section: the results of the rate-based analysis are not reported in terms of the ratios
between the BSM and SM coupling parameters; data sets of different sizes at different
centre-of-mass energies are analysed and different assumptions are made on the SM
coupling parameters. The results with SM coupling parameter fixed to the SM
expectation of 1 are shown for the rate-based analysis. The expected constraints are
obtained with SM Asimov data sets with nominal values in case of the rate-based
analysis, and, different to the setup of the previous comparison, with the signal strengths
measured in data and assuming best-fit values for all other nuisance parameters for
the shape-based analysis. No information about the SM Asimov data set is available
for the CMS measurement.

The rate-based analysis yields the strongest constraints on BSM coupling parameters,
while the sensitivity of the CMS measurement is similar to the sensitivity of the shape-
based analysis. Due to the larger analysed data set and the use of the jet information
from the VBF and V H production processes, the expected constraints of the CMS
measurement are tighter by a factor 1.5 to 5 to the ones of the ATLAS shape-based

analysis.
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Table 5.19: Expected and observed best-fit values and confidence intervals at 95 % CL
for CP-even kpyy/ksm and CP-odd (Kayv/ksm) - tana BSM coupling
parameters from the CMS H — ZZ* — 4/ analysis of Run-1 and Run-2
data sets of 5.1fb~!, 19.7fb~! and 38.6fb~! at /s = 7, 8 and 13 TeV
and from the ATLAS shape-based analysis of H — ZZ* — 4f¢ and
H — WW* — evuv decays using 20.3fb~! of data at /s = 8 TeV and,
in the case of the four-lepton channel, of additional 4.5fb~! of data at
Vs =7 TeV. The ATLAS rate-based measurement of c,kpyvy (CP-even)
and sqkavy (CP-odd) BSM couplings is based on 36.1fb~! recorded at
/s =13 TeV. The SM expectation is obtained from an Asimov data set
for best-fit values for the signal-strength [z and the nuisance parameters in
the case of the shape-based analysis. For the rate-based analysis nominal
values of the nuisance parameters have been assumed.

Coupling Fit 95 % CL confidence interval Observed
configuration Expected Observed Best-fit value

. ATLAS, H - ZZ* — 40 and H - WW"* — evuv combined
fg Run-1, 4.5fb~! and 20.3tb~! at /s =7 and 8 TeV
% RHVV/KSM [—0.55, 4.80] [—0.73, 0.63] —0.48
A (Ravy/ksMm) - tan o [—2.33,2.30] [—2.18, 0.83] —0.68
- ATLAS, H - ZZ* — 4L
g Run-2, 36.1fb~! at /s = 13 TeV
£ caRnvy Cokifigs = 1, Cakisn =1 [—0.18,0.20]  [0.05, 0.28)] 0.18
B saFavy Cokitigs = 1, Cakisn = 1 [<0.22,0.22]  [=0.32, 0.32] +0.18

CMS, H — ZZ* — 4L
Run-1 and Run-2, 5.1fb~1, 19.7fb~! and 38.6fb~! at \/s = 7, 8 and 13 TeV
Ruvv/ksm [—0.42, 0.81] [—0.34, 1.45] 0.17
(Ravy/ksM) - tan o [—1.48, 1.48] [—2.00, 2.36] 0.00

5.4 Outlook

In this thesis, it has been shown, that the combination of the CP-sensitive rate-
and shape information increases the sensitivity by more than an order of magnitude
compared to a purely shape-based method. Both approaches are complementary
and it is important to pursue both: CP violation due to the presence of CP-odd
Higgs couplings can only be probed with a shape-based analysis, while the rate-based
approach provides a much stronger sensitivity for both CP-even and CP-odd BSM
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coupling admixtures.

The SM and BSM Higgs boson couplings can have opposing effects on both event
rates and shapes of distributions of kinematic variables. Thus, it is desirable for both
approaches to combine the information sensitive to SM-like and to BSM (CP-even
and CP-odd) couplings in a multi-dimensional fit with one or more couplings as free
parameters. The morphing method has been specifically developed to model signal

expectations in such a multi-dimensional parameter space.

There are two classes of differential distributions sensitive to the CP-structure of the

Higgs to vector boson interaction vertex (see |29], Section 11):
1. Decay system:

e Invariant masses and angular distributions of the Higgs boson decay, here

into four leptons.
2. Production system:
e The invariant mass my g in V H associated Higgs boson production |169],

e the angular correlation and p{rl between the two tagging jets in VBF pro-
duction [170-173], and

e the Higgs boson transverse momentum prllf .

In the H — ZZ* — 4¢ channel, so far only shape information from the decay
products has been used. The sensitivity can be increased by adding production system
information. With increasing integrated luminosity, the differential distributions from
the production system become usable. One of the interesting additional variables is
the azimuthal angular distance Aqﬁ?jign between the two leading jets j; and jo from

VBF production defined depending on the pseudorapidity of the jets:

Pt — ¢, it > P2,

AgSE" =
¢j2 _ ¢j1’ if 77j2 > nj1'

b

(5.30)

As can be seen in Figure the A(bjsjign, unlike the rate information used so far, is

sensitive to the sign of the CP-odd coupling parameter.

The CP-sensitive discriminants from the production and the decay system can be

exploited individually or combined in a multivariate analysis by means of the matrix
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Figure 5.32: The normalised distribution of the azimuthal difference Aqb?jign of the two
tagging jets in VBF Higgs boson production for the SM (light green),
BSM with CP-odd coupling parameter (black-green) and two mixtures
of SM and BSM with positive (dashed green) and negative (dashed dark
green) BSM CP-odd coupling parameter in the four-lepton decay channel
with at least two additional jets with an invariant mass above 120 GeV
and with leading jet below 200 GeV.

element method. The ATLAS search for CP-odd coupling admixtures in Higgs boson
decays into 7 lepton pairs |168| has shown that a matrix-element based multivariate

discriminant provides higher sensitivity compared to only the Aqﬁﬁign discriminant.

In the rate-based analyses of VBF, V H and ggF production in theuH — 27" -4
decay channel, only transverse momenta of the Higgs boson candidate and of the jets
from the production have been used so far in addition to the rate information. The
sensitivity can be improved by adding additional CP-sensitive discriminants such as
A(;bjsjign, which can also be applied for ggF +2 jets production [174], or a multivariate
matrix-element observable using both decay and production system information for

both production modes simultaneously.
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Chapter 6

Methods for signal modelling

For the analysis in this thesis it is necessary to model the absolute and differential cross
section in kinematic variables of the final state of both the SM and the BSM signal
as a function of the interesting parameters. It is not feasible to continuously map the
parameter space by Monte Carlo simulation due to finite computing time. Therefore,
alternative methods are needed. Two different methods are used for the tensor structure
analyses described in Chapter [d The first method, the matriz element reweighting
method, is well established. While this method is adequate for the shape-based analysis,
the simultaneous modelling of the rate and shape information in kinematic variables as
a function of BSM parameters required for the rate-based analysis made it necessary
to develop a novel technique, the so-called matrixz element morphing method. It has
been developed within the work presented in this thesis and in cooperation with other

groups. Both methods are discussed and compared in the following.

6.1 Matrix element reweighting

A Monte Carlo event sample for a certain parameter configuration, the reference sample,
is reweighted to represent another target parameter configuration. The weights w are
calculated and applied on an event-by-event basis as the ratio of the matrix elements
for the event generation discussed in Section [2.3.6]

w(p_ﬁ) _ MEtarget (pj) ) (6.1)

- =
MEreference (pﬂ)
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The kinematics of the event final state is represented by the vector p_>“ of the four-
momenta of all final state particles. The method has to be validated. Large event
weights indicate that the target phase space is not well represented by the reference
sample. Large reference Monte Carlo statistics is required. The obtained signal
model only describes one specific target parameter configuration. Target samples are
produced for a whole grid of parameter configurations and interpolation methods are
used between the grid points. The application of the method becomes difficult for
multi-dimensional parameter spaces because too large reference sample Monte Carlo
statistics would be needed to populate the reference parameter space with sufficient

entries to prevent unreasonable large weights.

6.2 Matrix element morphing

Matrix element morphing [165] has been developed to create multi-dimensional para-
meter models and to simultaneously model rate and shape dependency on BSM coupling
parameters. It is based on the assumption that a physical quantity 7', which is a
distribution or cross section, of a process is described by the squared process matrix

element:
K

T(§) < IME|* with ME = g;- ME;, (6.2)
A

with the coupling strength vector § = g;,..,gk. The squared matrix element is a
sum of N individual components weighted with a polynomial of coupling parameters.
The assumption of the morphing method is that T" with arbitrary target coupling

configuration can be described as a weighted sum of N inputs:
N
T;:arget (g) = Z wy (g) : 71j,input- (63)
j=1

Each input T} is weighted with a function w;(§) that is a polynomial in coupling
parameters and has the same structure as [ME|?2. The morphing method is only
applicable in use-cases where the matrix element can be decomposed into a sum of
different components. It is for instance not suited to model a distribution as a function
of a particle mass. The method is first described with a simple example, followed by
a discussion of challenges and number of morphing inputs needed for the rate-based

analysis. A general description of the morphing method in multi-dimensional parameter
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space can be found in Appendix

6.2.1 Example

The method will be explained step-by-step with a simple example. There is one
interaction vertex with contributions from two coupling parameters, see Figure [6.1]
where one coupling parameter ggy is SM-like and the other one gpgy is a BSM coupling

parameter.

v

H------- (3} 9SM, gBSM

v

Figure 6.1: A three-particle interaction Feynman diagram with contributions from two
coupling parameters, a SM (gsym) and a BSM one (gsm)-

The matrix element describing this interaction is the sum of both contributions:

MEswm, Bsm(9sm, 9Bsm) = gsm - MEgum + gsm - MEggum (6.4)

Any physical quantity T'(gsm, ggsm) is proportional to the squared matrix element:

T(gsm, gBsm) < |MEsm.ssm (gsm, gBsm) |2
= g&u - IMEsm|? + gsu - ggsm - 2Re [MEgy; - MEgsm] + ggn - IMEgsum|®,  (6.5)

with the interference term 2 Re [MEg,; - MEggm]. The squared matrix element has
three individual components (|[MEgy|?, 2 Re [ME%,, - MEgsy| and [MEpgwm|?), each is
weighted by a polynomial of coupling parameters (ggM, gsm - gasm and 9123$M)'

Let’s assume the following three Monte Carlo samples have been generated:
1. Ty with (gsm, gBsm) = (1,0)

2. Ty with (gsm, gBsm) = (1,1)
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3. T3 with (gsm, gBsm) = (0,1)

Each one is satisfying Equation

T) x 1 - |MEgm|? + 0 -2Re [ME%y - MEgsym] + 0 - [MEpgym|? (6.6)
Ty < 1- |MEgy|? +1-2Re[ME%y - MEggym] + 1 - [MEpgm|? (6.7)
T3 < 0 - [MEgm|? + 0 - 2Re [ME%y - MEgsy] + 1 - [MEggy|?, (6.8)

The above equations span a linear system of equations and can equally be formulated

in matrix notation:

T 100 |MEgwm|?

Ty|x|1 1 1]-|2Re[ME§,  MEgsy] (6.9)
T; 001 IMEgsum|?

7 M i

with the morphing matrix M, the vector of inputs T and the vector of the components

of the squared matrix element M.

If the morphing matrix is invertible, the matrix element components can be described

as a function of the inputs, by multiplying the inverted morphing matriz M—! to

Equation

1 0 0
MxM*' T with M'=|_1 1 -1 (6.10)
0 0 1

T, with an arbitrary coupling parameter configuration, can be described as a weighted
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sum of the three inputs by inserting Equation into Equation [6.5}

3
T(gsm, gpsm) = Y w;(§) - T
j=1

1 0 0 T
:(QgM gsM - gBSM 912351\/1)' -1 1 —1 o D)
0 0 1 T3

= (g3y — 9sM - gBsM) - T4 + gsut - gBsm - T + (9Bsnm — 9sm - gBsm) - T3,
(6.11)

where the weight functions are polynomials in coupling parameters with constants

given by the coefficients of the inverted morphing matrix:

w1 (gsm, gBsm) = 1 - gdy—1 - gsm - gBsm + 0 * gism (6.12)
wa(gsm, gpsm) = 0 - g8y+1 - gsm - gpsm + 0 - ghg (6.13)
ws(gsm, gsm) = 0 - géy—1 - gsm - gBsm + 1 - G- (6.14)

Equation is the morphing function for variable T constructed with inputs T.
It should be noted that the only requirement for the choice of inputs is, that their
corresponding morphing matrix is invertible. Other than that, they can be arbitrarily

chosen.

6.2.2 Number of morphing inputs

The signal model for the rate-based tensor structure analysis in Section [5.2]is built with
the morphing method. The usage of the method has been validated (see Appendix. In
the above simple example, only one interaction vertex and two coupling parameters were
considered, while for the rate-based analysis two vertices are considered, a production
and a decay one, with the contributions of at most three coupling parameters to
each vertex. The generalisation of the morphing method with an arbitrary number of

coupling parameters can be found in Appendix [B]

The number N of morphing inputs depends on the number of coupling parameters in

production and decay vertices:
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e 1, only in the production vertex,
e ng only in the decay vertex,
e and n, shared by both vertices.

The general formula for N(n,,ng,ns) is [165]:

N <”d2+ 1). (6.15)

The number N of input samples for each BSM scenario are given in Table [6.1} The

coupling parametrisation of the Higgs characterisation framework [30] is used.

The challenge of the method is to find an input set with sufficient statistical accuracy in
the target phase space to prevent large weights and thus a large error. The statistical
error for a specific input sample set can be computed as a function of the coupling
parameters. It is increasing if the target coupling parameter configuration is not within
the phase space grid spanned by the input samples, i.e. in case of extrapolation.
Therefore, input samples with parameter configurations that include the interesting
range have been generated. From the possible combinations of input sets, the ones
with sufficiently small errors in the studied parameter range have been chosen (see
Appendix |J)).
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Table 6.1: The number of morphing input samples N for pp — H — ZZ* processes
with additional BSM couplings described by the Higgs characterisation
framework parameters in production and decay vertices. The ggF, VBF
and V H productions are written as functions of BSM couplings. The SM
coupling parameters c,kgm O CoKHgg are omitted in the short notation.
The number of couplings only in production (n,) and only in decay vertices
(nq), as well as shared couplings in production and decay (ns) are also listed.

Process Production Decay n, ng ns | N
couplings couplings

ggF (sakage) SakAgg: CakHgg CakSM 2 1 013

ggF (sakavy) CaFHgg CakSM; SaRKAVY 1 2 013

ggF (CakHVV SakAVV) CaFHgg CaRSM, CaKHVV, Sakavy | 13 0 | 6

VBF/VH (sakavv) CaKSM, SaKAVV CakSM, SaKAVY 0 0 2|5

VBF/VH (CakHVV,S5aKAVY) | CakSM, CaKHVV,; SaRAVYV ~ CakSM, CaKHVV, Sakavy | 0 0 3 |15

6.3 Comparison of the methods

The reweighting method can only model the change of the distributions of kinematic
variables, while the morphing method can model both CP-sensitive observables, rate
and shape, simultaneously. With increasing number of coupling parameters, the
matrix element reweighting method reaches its limit. The required statistics of the
Monte Carlo reference sample needed to populate the whole multi-dimensional target
parameter space becomes too large. The morphing method has been developed to
overcome this limitation. For the morphing method it is essential to find an input
sample with optimal statistical accuracy in the target space. When increasing the
number of coupling parameters a combination of both methods could be beneficial: the
number of inputs for the morphing method is increasing with the number of couplings,
especially if couplings are shared between vertices. The morphing inputs could be
generated by matrix element reweighting. While the signal model constructed with the
morphing method is per se continuous in the coupling parameters, the matrix element
reweighting is discrete and additional techniques have to be applied to generate a

continuous model.
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Summary

In 2012, the Standard Model (SM) of particle physics has been completed by the
discovery of the Higgs boson in proton-proton collisions of the Large Hadron Collider
(LHC). Since then, many measurements have been performed to probe the nature of the
new boson by the ATLAS and CMS experiments. It was determined that the discovered
boson is a scalar particle with a predominately CP-even quantum number. Small
admixtures of CP-even and CP-odd components from beyond the Standard Model
(BSM) physics, however, are not excluded. The latter case is especially interesting
since it can lead to CP violation in the Higgs sector which may help understanding the

matter-antimatter asymmetry in the universe.

In this thesis, the tensor structure of Higgs boson couplings to gauge bosons has
been probed for the presence of additional, non-Standard Model couplings using
two complementary approaches. The Higgs boson candidates are reconstructed in
H — ZZ* — 40 ({ = ep) decays using data of the ATLAS detector at the LHC
comprising the full LHC Run-1 data set at /s = 7 and 8 TeV from 2011 and 2012
with an integrated luminosity of 24.8fb~! and the Run-2 data set of 36.1fb~! from
2015 and 2016 collected at /s = 13 TeV.

Deviations of the Higgs boson couplings from the Standard Model predictions are
parametrised within an effective field theory, the Higgs characterisation framework.
Admixtures of CP-even (H) and CP-odd (A) BSM couplings cykpvy and sqkavy have
been probed simultaneously in Higgs to weak gauge boson interactions, in particular
HZZ*. The mixing angle « describes the relative contributions of the two types of
BSM couplings (¢, = cos a and s, = sin«r). Additionally, CP violation in gluon fusion
production induced by an additional CP-odd non-Standard Model coupling sqokagg
has been studied.

In the first, shape-based analysis using the Run-1 data, the shape of CP-sensitive
distributions of kinematic variables describing the decay final state are used. Multivari-

ate discriminants based on the matrix element method are employed to distinguish
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CP-even and CP-odd contributions. Constraints on the BSM coupling parameters
cokmvy and sgkayvy are derived separately. The results have been combined with a
similar analysis of H — WW?* — evur decays.

The second, rate-based approach uses the larger Run-2 data set. The dominant pro-
duction rate information is combined with shape information from the final state to
enhance the sensitivity to BSM contributions. Different production mechanisms are
discriminated based on the final state topology. The VBF and V' H production modes
are especially sensitive to BSM contributions to the X V'V interaction vertex (X = H, A
representing CP-even and CP-odd admixtures) which contributes to the initial and the
final state in H — ZZ* — 44 decays such that the effects are proportional to “%SM'
The other production modes, however, are only proportional to H%SM. In addition to
the XVV interaction vertex, the effective Higgs to gluon interaction, X gg, has been
probed for the presence of CP-odd admixtures. The BSM coupling contribution to
X 99, sakage, has been probed independently, while c,kpyvy and sokavy have been

probed simultaneously for the X V'V interaction vertex.

The results of the Higgs coupling tensor structure analyses are in agreement with
the SM predictions. The rate-based approach for XVV couplings is more sensitive
than the shape-based one leading to an order of magnitude tighter constraints on the
BSM coupling parameters. Constraints on BSM XV'V coupling parameters have also
been obtained by other measurements of the ATLAS and CMS experiments using
different parametrisations and data sets. The comparison of the 95 % confidence level
(CL) intervals on the cykpyy and sqkayy coupling parameters shows that the ATLAS
measurement of the VBF production with H — 77 decays is least sensitive, while
the sensitivities of the shape-based analysis and of the CMS combined Run-1 and
Run-2 measurement using matrix element discriminants based on production and
decay kinematic in four-lepton decays are similar. The strongest constraints on BSM
contributions to the X V'V interaction vertex have been obtained with the ATLAS
rate-based method in this thesis: —0.6 < cokpgvy < 4.2, —4.4 < spkavy < 4.4 and
—0.68 < sqkage < 0.68 at 95 % CL. The presented analysis is the first one constraining
CP-odd contributions to the ggF production.

Both, the rate- and shape-based methods must be considered in the future. CP
violation in the Higgs sector can only be detected with the shape-based approach using
final-state kinematic variables. The rate measurement is always affected by CP-even
contributions. The distributions of the angle A¢;; between the two tagging jets in VBF

production and jet pairs from initial state gluon radiation in ggF production and the
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angle ¢ between the two Z decay planes in the Higgs rest frame in H — ZZ* — 4/ and
H — WW* — fvlv decays are sensitive to CP-odd coupling admixtures and, therefore,
CP violation. Discriminants sensitive to CP-odd contributions can be constructed with
the matrix element method taking into account the interference of SM and CP-odd
BSM contributions.
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Appendix A

Statistical framework

In this appendix the concepts used for the statistical interpretation of the data in this

thesis are explained.

In a physics analysis searching for new phenomena, the prediction of a theory is
compared to data, i.e. the expectations from SM and BSM signal models and the
corresponding background estimation are compared to the selected data. The outcome
of the measurement is quantified in a statistical evaluation, that gives a measure of
how well the theory describes the observed data, or, in case of more than one possible
theories, which of them is in better agreement with the observation.

The theoretical prediction is represented by the signal model. The first part of this
appendix will be dedicated to the building of a signal model, while the second part

discusses tools for statistical interpretation.

The concepts of statistical evaluation at the LHC are described in [161]. A gen-
eral overview about statistical interpretation in experimental physics can be found
in [175).

Signal model

In Figure the discriminating variable ® of a hypothetical physics analysis is shown.

The aim is to test for deviations from the SM prediction.

The signal model is the combination of signal and background contributions, where
the signal can either be SM- or BSM-like. It predicts nS*P(#,6) events in bin i of the
® distribution:

— —

nSP (7, 0) = si(R, 0) + b (8). (A1)

7
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Figure A.1: Observed (black) and total expected events from background and SM signal
(teal solid), or background and BSM signal (teal dashed) for a hypothetical
analysis.

The predicted numbers s; and b; of signal and background events are given by the
product of the respective cross section o with the integrated luminosity L, and with
efficiency factors covering selection efficiency and detector acceptance. The expected
distribution depends on the set of coupling modification parameters K describing the
signal, which are zero in case of the SM, and on the set of additional parameters g. The
model parameters are divided into a subset of parameters that one wants to measure,

the parameters of interest, e.g. K, and a subset of nuisance parameters, e.g. 6.

The probability to observe n; events follows a Poisson distribution with mean n; " (%, 5) =

— —

Sl‘(f{, 0) + bz(ﬁ)

P (mifsi(#,0) + b:(0)) = exp (= (s:(7,0) + b:(0)) ) - (o (A.2)

A Poisson distribution is asymmetric for small number of events and approaches a

normal distribution for a large number.

The compatibility of the observed data to the model is retrieved with the likelihood
function. It is assumed that the signal model truly describes the underlying physics

process. The likelihood is then a measure that a manifestation of this model with n
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observed events is realised in data. The likelihood function is the product over all bins

of the discriminating variable distribution

Npins

— — —

£(7,0) = T[] Plolsi(7.0)+ (@), (A3)

A Poisson probability density function is a function of n for a given fixed set of
parameters. The likelihood on the other hand is a function of the parameters for a

given number of events n. Moreover, the likelihood is not normalised.

The nuisance parameters include the description of deviations from the expectation
due to systematic uncertainties enESySt') in the theoretical predictions and due to
detector performance, which is derived from auxiliary measurements. These ded-
icated studies provide the 1o variations from the nominal prediction of g. This
input is translated into constraint terms A(6 (SySt')) for the nuisance parameters

g (syst.) — (91(SySt'), s G,T(LsySt')), which are multiplied to the likelihood function:

Npins Npuisance
£(%0) = [[ Poulsi(i0) +b:@) x [ Am(057) (A4)

Gaussian, Gamma or Log-normal constraints are used depending on the type of
systematic uncertainty [176]. In the tensor structure measurements described in
Sections [5.1f and only Gaussian constraints are employed. It should be noted, that
the inclusion of systematic uncertainties is reducing the sensitivity of the measurement,

i.e. a larger number of model parameters comes along with information loss.

A binned maximum likelihood fit of the expected signal model distributions to the
data is performed by varying of the parameters of interest, <, in order to extract the
values for which the model and the matches the best, i.e. the data has the highest
likelihood. The value of parameters maximising the likelihood is called the maximum

likelihood estimators.

Interpretation
At the LHC, the search for new phenomena indicating physics beyond the SM is done

within the context of a frequentist statistical test [161]. For simplicity, it is assumed

that either one or two parameters of interest are probed.
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Appendix A Statistical framework

To test the reliability of the measurement, intervals at a certain confidence level (CL)
are constructed around the maximum-likelihood estimator of the parameter of interest,
k. If the measurement would be repeated an infinite number of times, and each time a
confidence interval is computed, then the fraction of intervals containing the true value
of the parameter of interest matches the confidence level. The confidence level is set
by the experimentalist, 68 % and 95 % CL intervals are reported in this thesis. The

values of k outside of the interval are said to be excluded at the confidence level.

The data analysis is simplified by using a test statistic, which quantifies the amount
of agreement of the data and the model to one representative value. Depending on
the physics case different choices of test statistic are available [161]. In this thesis a

profiled likelihood ratio ¢ is employed [161]:

=0

L(k,
L(R,

ty, =—21InA(k) with X(k)=

(A.5)

=0

where 5 denotes the value of Q_: that maximises the likelihood function for a fixed value

of . The denominator L(&,6) is the maximised (unconditional) likelihood function,
where K and /G%are the maximum-likelihood (ML) estimators. The numerator £(, é) is
the conditional ML estimator, where the likelihood is maximised for specific values of
K.

The likelihood ratio, i.e. A(k), assumes values within ]0,1], where values near 1
indicate good agreement with the data, and increasing discrepancy is given for values
A(k) — 0. This translates into a parameter interval of ¢ €]oo, 0] (see Figure [A.2)),
where incompatibility with the data is given by increasing values of ¢, i.e. t — oco. The
probability p of observing a value of the test statistic that is equal or larger than a

certain threshold ¢, is given by

p= [ Fltlr)ds, (A.6)

tﬁ/vp

where f(t.|k) is the probability density function of ¢, under the assumption of k. It
is illustrated in Figure (left). The level of discrepancy can be quantified with
p=(1—-CL), ie. p=0.05(p=0.32) when testing for 95% CL (68 % CL). Assuming

f(tx]k) is known, confidence level intervals can be constructed for the parameter of
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Figure A.2: The distribution of the profiled likelihood test statistic ¢, = —2 Ink(\) in
dependence of the parameter of interest .

interest. In Figure the 68 % CL and and 95 % CL intervals containing the ML
estimator K are shown. The intervals are computed using the asymptotic approximation
for f(t.|r) described below.

If the best-fit values are different from the SM expectation, it is of interest to quantify
the discrepancy. This is done by converting the p-value at the SM point into an
equivalent significance Z. It is defined such that the probability to find a Gaussian
distributed variable within £Z o is 1 —p E|:

Z =o' (1 - g) . (A7)
where @71 is the quantile (inverse of the cumulative distribution) of a normal dis-
tribution, see Figure (right). Signal evidence is defined by Z = 3, discovery by
7 =b.

The probability density function of the test statistic has to be known for the statistical
evaluation. Retrieving the probability density function from Monte Carlo simulation

is computationally very expensive, therefore the asymptotic approximation which is

Yfor the Higgs discovery a one-sided definition was used [161], where a 5 ¢ significance corresponds
to p = 2.87 - 1077, while in the two-sided definition used within this thesis this corresponds to
5.7-1077.
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Figure A.3: Illustration of the p-value definition using the probability density dis-
tribution of the profiled likelihood ratio test statistic tz = 2 In A\(<) in
dependence on tz (left) and conversion of the p-value to the equivalent
significance using a two-sided fluctuation of a normal distributed variable
(right).

valid in the large sample limit is often used. Based on an approximation by Wilks and
Wald 1163], it has been shown that f(tz|<) follows a Chi-squared distribution with
the number of degrees of freedom equal to the number of parameters of interest .
In this thesis, either one or two parameter of interest are measured. In the latter
case, the likelihood function is two-dimensional, CL contours are retrieved instead
of intervals. In Figure [A4] the Chi-squared distribution for one and two degrees of
freedom is shown. The value ¢z ), of the test statistic corresponding to a certain p-value,
can be retrieved by integrating the Chi-squared distribution. In case of one parameter
of interest, 68 % (95 %) of all values of ¢, are below 0.99 (3.84). Therefore, 68 % and
95 % CL intervals can be obtained in the asymptotic approximation by requiring a
maximum value of the test statistic of tz 32 = 0.99 and ¢z 95 = 3.84, see Figure @
In case of two parameter of interest, 68 % and 95 % CL contours are determined at
ti0.32 = 2.28 and tz 905 = 5.99 as obtained by integrating the Chi-squared distribution
with two degrees of freedom. The values of ¢z, in the asymptotic approximation for the
calculation of 68 % and 95 % CL regions in case of one and two parameter of interest

are summarised in Table [A 1]

Before the start of an experiment, it is important to evaluate if it is actually sensitive
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Figure A.4: The Chi-squared f,(z) distribution with n degrees of freedom.

Table A.1: Upper value tz .32 (tz0.05) of the integral starting from zero of a Chi-squared
distribution with npor degrees of freedom covering 68 % (95 %) of all values.

npor 68% CL 95% CL

tz0.32 t7.0.05
1 0.99 3.84
2 2.28 5.99

enough to achieve a given physics goal. For example, before the start of the LHC, it
had to be proven that a Higgs boson discovery is possible, otherwise an investment in
the experiment would have been difficult to defend.

To estimate the expected sensitivity of an experiment toy data is needed. Toy data
can be generated by repeating Monte Carlo simulations many times, but this is
computational-wise very expensive, therefore a single simulation is chosen instead as
reference data. This single simulation is called Asimov data set [161]. The statistical
evaluation of a measurement is performed with this data to estimate the expected
sensitivity.

Asimov data sets are also often used in ATLAS and CMS analyses, which are usually
blinded to keep the analysers unbiased. The analysis is not evaluated on data before it

has been shown that everything is well understood.
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Appendix B

Morphing method: General

multi-dimensional description

In this appendix, the morphing method is formulated in case of two vertices with

contributions from an arbitrary number of coupling parameters.

The matrix element of a process with N, vertices with N, individual matrix element

components ME; with coupling strength g; per vertex i, is the product over all

vertices:
Ny N'Ui
ME@) =] [ g5 ME, |- (B.1)
i=1 \j=1

A matrix element contributing to one vertex can also appear in other vertices. The
morphing function describing a distribution or variable T oc [ME|? can be constructed
for this general case and can be found in [165].

In this section, the most common use-case with two vertices N,, = 2, e.g. one production
and one decay vertex, with an arbitrary number of couplings per vertex is described

by

Np Ny

ME(7) = | > _gi-ME; | - | Y g;-ME; |, (B-2)
i=1 j=1
Production Decay

with N, components in the production vertex, and with Ny ones in the decay. Matrix

elements can be shared in production and decay. Any physical quantity describing this
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Appendix B Morphing method: General multi-dimensional description

process is proportional to it’s squared matrix element:

Np Ng 2
T(g) < IMEP(@) = | | Y_gi-ME; | - [ > g;-ME; || =GT(9) M, (B3
i=1 j=1
where g7 = (91 g2 ... g N) is the vector of coupling strength parameters with in

total N individual coupling strengths. This formula is the core of the morphing method.
It has IV individual components, depending on the exact structure of the production
and decay vertices, and can be simplified to a product of vectors C_j@) and M that
have length N. All individual matrix element components in [ME|? are contained in
M with prefactors from G (g), that are combinations of coupling strength parameters.
A distribution or variable T' of the described process can be written as the weighted

sum of N input samples T
N
T(@) =a" (@) T=) w3 Ty (B.4)
j=1

The weight functions w(g) are polynomials in couplings § with the original structure
of the squared matrix element. Evaluating C?(g) for each input 7 with coupling

configuration g; a linear system of equations can be constructed:
G" ()
ToxM-M with M= : . (B.5)
G (gn)

The N x N matrix M is called morphing matrixz. The inputs T can be freely chosen,
but they have to be linear independent in é—space, i.e. their morphing matrix has to
be invertible. By multiplying the inverted morphing matriz M~ to Equation the

matrix elements M can be described as a function of inputs T
MocM™.T (B.6)

A distribution or variable T'(¢) can be described in terms of inputs T by inserting

Equation into Equation [B:3}

T(§) =G"(G M- T=aT(@G T with @G =M™"" G@) (B.7)
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with weight functions @(g). Equation is called the morphing function for T'(g)

constructed with inputs T.
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Appendix C

Simulated signal and background

processes

In this Appendix details and references are given for the simulation of signal and
background processes (see Section [4.2)). The simulated processes in Run-1 and Run-2
are summarised in Tables [4.1] and respectively.

Hard-scattering process

The next-to-leading-order (NLO) QCD generators POWHEG-BOX (v2) [177-182] and
MADGRAPHS AMCQ@NLO v2.2.3 and v2.3.3 [149} |183]) are used to model the hard-
scattering process in proton-proton collisions for the SM Higgs boson signal, various
background processes and the BSM Higgs boson signal processes.

Leading-order (LO) generators are used to simulate SM Higgs boson (PyTHIA 8 |127],
BSM Higgs boson signals (JHU |51} [52]), and SM background processes (ALPGEN |184],
SHERPA 2.2.2 and SHERPA 2.1.1 [185], GG2VV [186], GG2ZZ [187] and MADGRAPH).
For the Run-2 ggF VBF, VH and bbH Higgs boson signal samples the Higgs boson
decay, H — ZZ* — 44, is modelled with PyTHIA 8.

The PDF sets used for the generation of the hard-scattering processes are CT10 [160]
and CTEQG6L1 [188] for Run-1, and PDF4LHC [108|, CT10 and NNPDF3.0 [107] for
Run-2 (see Section [2.2.2).
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Parton shower and hadronisation

For the modelling of the parton shower and hadronisation the following programs are
interfaced to the hard-scattering generators: PyTHIA 6 [189] and PyTHIA 8 [127],
HERWIG++ [190] and SHERPA [191]. The parton shower programs are tuned to
experimental data by using programs (so-called tunes) developed by either the authors
of the programs or the ATLAS collaboration. In Run-1, the AU2 |129] tune is used for
PyTHIA 8, the Perugia2011c [192] tune for PYTHIA 6 and AUET2 [193] for HERWIG++.
In Run-2, the AZNLO [194] tune is used for POWHEG+PYTHIA 8, the A14 |195] tune
for PyTHIA 8, the Perugia2012 tune for PYTHIA 6 and the UE-EE-5 [196] tune for
HERWIG+-+. The SHERPA parton shower tunes have been directly developed by the
SHERPA authors. The parton shower tunes are listed together with the PDF sets used

for the parton shower in the overview tables.

Improvements to the simulation

The additional stmulation programs in the overview tables are used in addition to the
hard-scattering and parton shower generators to improve the modelling accuracy.
The Higgs boson transverse momentum distribution in the simulation of the ggF Higgs
boson production with the NLO QCD POWHEG-BOX generator has been improved in
Run-1 by a pflrl dependent weighting of the events to each event to reproduce the NNLO
and NNLL QCD predictions from the HRES2.1 program [197, [198|. In Run-2, the
MINLO [199, |200] method for NLO description of the inclusive Higgs boson production
is used and combined with the NNLO prediction from the HNNLO program [201} |202]
by applying a reweighting procedure depending on the Higgs boson rapidity.

In addition, the effect of non-zero quark masses is taken into account for the ggF Higgs
boson production in Run-1 [203| and Run-2 [19§].

For the merging of jets from the hard-scattering process and from the parton shower,
several different algorithms have been used: the MINLO program [200] for the SM V H
production in Run-2, the POWHEG method for the SM ggF Higgs boson production in
Run-2, the FXFX program [149, [204] for the BSM ggF Higgs boson production in Run-2,
the MLM scheme [205] for the Z-+jets background in Run-1, and the ME+PSQNLO
description for the q§ — ZZ* and Z+jets background processes in Run-2.

In Run-2, the total and differential cross section predictions for the background pro-

cesses have been further improved. The modelling of the ZZ* production is improved
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by adding NLO electroweak (EW) corrections as a function of the invariant ZZ* mass
mzz+ [206, 207] to the q¢ — ZZ* simulation and by applying a correction factor
fNLO/LO = 1.741.0 [208-213| to the LO gg — ZZ* production to account for higher
order effects. The LO QCD calculation of the ttZ cross section is scaled to the full
NLO QCD + EW prediction of the two terms with dominant effects [214].

In order to compare the simulation with the data-driven estimation of the Z-jets
background (see Section [4.3.2)), the Run-1 and Run-2 simulations are normalised to
the NNLO QCD predictions from FEWZ [215, [216] and to the NLO QCD predictions
from MCFM 217} 218|] (only Run-1).

The Z+jets process is simulated with SHERPA 2.2.2 interfaced to ComIxX [219] and
OPENLOOPS [220] to achieve NLO precision for up to two partons, and LO precision
for four partons.

The PHOTOS program [221} 222] is used to take into account QED radiative cor-
rections. Decays of hadrons containing bottom or charm quarks are modelled with
the EVTGEN v1.2.0 program [223]. The decays of the 7 lepton are determined by
TAUOLA [224] 225].
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Appendix D

Higgs boson production cross section and

decay branching ratio calculation

In this appendix, the precision of the Higgs boson production cross section and

branching ratio calculation is reported.

The ggF Higgs boson production cross section is calculated to NLO [226-228| and
NNLO [229-231] in QCD for Run-1, and even to NNNLO [232] 233| for Run-2. For
Run-1, the soft-gluon corrections have been calculated in NNLL approximation [234].
For both runs, NLO EW radiative corrections |235], 236 have been applied. The QCD

and EW corrections have been joint assuming factorisation [237-239).

The VBF Higgs boson production cross section has been calculated to full QCD and
EW NLO [240-242| and approximate NNLO in QCD [243].

The WH and ZH Higgs boson production cross sections have been calculated to
NLO [244] and NNLO [245] in QCD. In Run-1, NLO EW radiative corrections [246|
have been applied, in Run-2 to NLO EW [247|. For the gg — ZH calculation, NLO
QCD corrections are added [248].

The tt H Higgs boson production cross section has been calculated at NLO in QCD [249-
252|. In Run-2, the NLO EW corrections [253| have been joint with the NLO QCD

corrections according to [214].

The bbH Higgs boson production has been calculated in the four-flavour scheme at
NLO in QCD [254-256] and in the five-flavour scheme at NNLO in QCD [257]. Both

predictions have been combined with the Santander scheme [148] [258].

The Higgs boson decay width for WW and ZZ decays is calculated with
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PROPHECY4F [259] 260] including full NLO QCD plus EW corrections [261] and
interference effects between fermion final-states that are identical. Other Higgs boson
partial decay widths are calculated with HDECAY [262, |263]. Combining the partial
decay width calculations, the branching ratio for the H — 4¢ final state in the SM is
0.0125 %.
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Appendix E

H — ZZ* — 4¢ trigger

In this appendix, the trigger items for the Run-1 and Run-2 H — ZZ* — 4{ analyses
are summarised in Tables and respectively.

Table E.1: Trigger requirements for the Run-1 H — ZZ* — 4{ analysis.

Triggered object Single-lepton trigger Dilepton trigger
2011 data set

Muon: EF mul8 MG EF 2mul0_loose

EF mul8 MG _ medium —

Electron: EF €20 medium EF 2el2 medium

EF €22 medium EF 2e12T medium

EF e22vh mediuml EF 2el12Tvh medium

Electron & muon: — EF el0 medium mu6
2012 data set

Muon: EF mu24i tight EF 2mul3

EF mu36 tight EF mul8 tight mu8 EFFS

Electron: EF €60 mediuml EF 2e12Tvh loosel

EF e24vhi mediuml EF 2e12Tvh loosel L2StarB

Electron & muon: — EF el12Tvh mediuml mu8

— EF e24vhi loosel muS8
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Table E.2: Trigger requirements for the Run-2 H — ZZ* — 4/¢ analysis.

Triggered object

Single-lepton trigger

Dilepton trigger

Trilepton trigger

2015 data set

Muon:

Electron:

Electron & muon:

HLT_mu20_iloose_ LIMU15

HLT _mu40

HLT _mu60_ Oetal05_msonly

HLT e24 lhmedium L1EM18VH
HLT e24 lhmedium L1EM20VH
HLT_e60_lhmedium
HLT_e120_Ihloose

HLT_ 2mul0
HLT_mul8_mu8noL1l

HLT 2el12 lhloose L12EM10VH

HLT _el7_lhloose_mul4
HLT _e24_medium_ LIEM20VHI_mu8noL1
HLT e7_ medium_ mu24

HLT_3mu6

HLT _3mu6_ msonly
HLT_mul8_2mu4noLl

HLT el17 lhloose 2e9 lhloose

HLT_2e12_lhloose_mul0
HLT _el12_lhloose_2mul0

2016 data set

Muon:

Electron:

Electron & muon:

HLT mu24 ivarloose L1MU15
HLT mu24 iloose LIMUI15
HLT_mu24_ivarmedium
HLT_mu24_imedium

HLT _mu26_ivarmedium

HLT _mu26_imedium

HLT mu40

HLT mu50

HLT _e24_lhmedium_ ivarloose
HLT_e26_lhtight _nod0_ivarloose
HLT_e60_lhmedium_ nod0

HLT _e60_ Ihmedium

HLT _e140_lhloose_nod0

HLT 300 _etcut

HLT 2mul0

HLT 2mul0_nomucomb

HLT_2mul4

HLT_2mul4_nomucomb
HLT_mu20_mu8noL1

HLT _mu20_nomucomb_mubnoLl_nscan03
HLT mu22 mu8noLl
HLT_2e15_lhvloose_nod0_L12EM13VH
HLT _2e17_lhvloose_nod0

HLT el7 lhloose nod0 mul4
HLT_e24_lhmedium_nod0_LI1EM20VHI_mu8noL1
HLT_e7_lhmedium_nod0_ mu24

HLT _el7_lhloose_mul4

HLT _e24_lhmedium_L1IEM20VHI_mu8noL1

HLT e7_lhmedium_ mu24

HLT 3mu4
HLT 3mu6
HLT_3mu6_ msonly

HLT_mull_nomucomb_2mu4noLl_nscan03_LIMU11_2MU6

HLT_mu20_2mu4noL1

HLT _mu20_nomucomb_mubnoLl_nscan03

HLT mu20 msonly mulOnoLl msonly nscan05 noComb

HLT_el7_lhloose_nod0_2e9_lhloose_nod0

HLT _el7_lhloose_nod0_2el0_lhloose_nod0_LI1EM15VH_3EMSVH

HLT el7 lhloose nod0 mul4
HLT_e24_lhmedium_nod0_LI1EM20VHI_mu8noL1
HLT_e26_lhmedium_nod0_LI1EM22VHI_mu8noL1

HLT_e7_lhmedium_nod0_mu24
HLT _el12_lhloose_nod0_2mul0
HLT_2e12_lhloose nod0_mul0
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Appendix F

Random variable transformation

Random variables distributed with probability distribution functions can be transformed
using the relationship for probability density functions due to the conservation of
probability (change-of-variable technique |264]).

Let z and y be random variables with probability distribution functions f(x) and
g(y). We now want the random variable z to be distributed with distribution function
g(y(x)), for that the transformation function y(z) needs to be known.

Based on the conservation of probabilities

f(x)-dz =g(y) - dy, (F.1)
a differential equation can be formulated:

dy _ Jla), (F.2)
dz  g(y)

By solving the differential equation defined in Equation [F.2] the transformation function

y(z) : x — y can be determined if f(z) and g(y) are known and y(z) is invertible. In

the following two examples are discussed:

1. Transformation from x with arbitrary probability distribution function to y with
uniform distribution:
Inserting f(z) and ¢g(y) = 1 in Equation the differential equation now reads

dy
1 f(z) (F.3)
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Appendix F' Random variable transformation

The differential equation can be solved by integration.
s (@) = / (') da’ = CDF (z) (F.4)

The transformation function is the cumulative distribution function of f(x).

2. Transformation from x with uniform probability distribution function to y with

Gaussian distribution:

Inserting f(x) =1 and g(y) = \/% exp(—%) in Equation , the differential
equation now reads

I 9() = ﬁexp(—%) (F.5)

This is more challenging to solve. From literature we can obtain the information

that the inverse error function erf ™! solves this differential equation.

— y(x) x erf () (F.6)

In Table the two examples and their respective transformation functions are

summarised.

Table F.1: Examples for transformation functions for random variable transformations
using the change-of-variable technique.

Example Probability distribution functions Transformation

Start Target function

f(x) g(y) y(x)

1. Arbitrary Uniform CDF
2. Uniform Gaussian erf !
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Appendix G

Higgs boson production rate dependence

on BSM couplings

The expected dependence of the ggF', VBF, W H and ZH Higgs boson production cross
sections on the CP-even and CP-odd BSM coupling parameters coxgyvy and sakavyv
is shown in Figure The interference of CP-even SM and BSM couplings leads to a
minimum value of the cross section at non-zero c,kgyy values. The minimum is at
negative cokiyy values for ggF and VBF productions, while it is located at positive

coupling values for the V H production.
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Appendix G Higgs boson production rate dependence on BSM couplings
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Figure G.1: The ggF (blue), VBF (green), WH (orange) and ZH (red) Higgs boson
production cross sections at /s = 13 TeV calculated at next-to-leading-
order with MADGRAPHS5 AMC@NLO as a function of the CP-even and
CP-odd non-SM coupling parameters cokgyy (top) and sakayy (bottom),
respectively.

216



Appendix H

Input samples for the BSM signal models

H.1 Shape-based tensor structure analysis

The input and reference samples for the shape-based tensor structure analysis are listed
in this section. The LO samples have been generated with the JHU [51] [52] generator
as described in Section and Appendix [C] The BSM signal model is constructed
with the matrix element reweighting method described in Section

For the measurement, the coupling parameters gy /5,4 are translated into the Higgs

characterisation framework parameters with the translation given in Section[[.4.2]
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Appendix H Input samples for the BSM signal models

Table H.1: List of input and reference samples for the signal model of ggF production
in the Run-1 rate-based tensor structure analysis describing the BSM
contributions, go and g4, in the HV'V vertex.

Description Data set g g2 94
1D

Input samples
Mixture 181990 1 144 142

Reference samples

SM 189606 1 0 0
Pure BSM 181992 0 1 0
Pure BSM 181991 0 0 1
Pure BSM 181995 0 1 1
Mixture 181994 1 1+4: 0
Mixture 181993 1 0 2+2
Mixture 181996 1 1 1

H.2 Rate-based tensor structure analysis

The input and reference samples for the rate-based tensor structure analysis are listed in
this section. The samples have been generated with the MADGRAPH5 AMC@NLO [149,
183]) generator at NLO for ggF production and at LO for VBF and V H productions
as described in Section and Appendix [C| The BSM signal model is constructed
with the morphing method described in Section

H.2.1 1D CP-odd XVV signal model

The input and reference samples for the 1D CP-odd ggF and combined VBF +V H
signal models are listed in Tables and [H.3] respectively.

The pure BSM CP-odd VBF +V H samples with data set numbers 343252 and 344145
can only be combined after scaling the V' (— ¢v/¢¢)H sample with a factor 4 to account

for the different cos(«) value.

218



H.2 Rate-based tensor structure analysis

Table H.2: List of input and reference samples for the 1D CP-odd X V'V signal model of
ggF production in the Run-2 rate-based tensor structure analysis describing
the CP-odd BSM contribution, sqkavv, in the HV'V vertex.

Description ~ Data set cos(a) Khgge ksm Kuvv ravy o - BR[fb]

ID
Input samples
SM 344158 1 1 1 0 0 4.1
Mixture 344163 % 1 1 0 6 1.1
Mixture 344164 % 1 1 0 —6 1.1
Reference samples
Pure BSM 344162 % 1 0 0 1 05-1073

Table H.3: List of input and reference samples for the 1D CP-odd X V'V signal model of
VBF and V H production in the Run-2 rate-based tensor structure analysis
describing the CP-odd BSM contribution, sqkayyv, in the HVV vertex.

Description Data set ID cos(a) KsM KHVV KAVV o - BR[fb]
VBF and V(= (v/t0)H VBF and V(= (v/t0)H
V(= qq)H V(= q9)H
Input samples
SM 343247 344135 1 1 0 0 0.55 0.07
Mixture 343256 344144 % 1 0 -2.5 0.21 0.04
Mixture 343253 344141 % 1 0 5 0.42 0.11
Mixture 343254 344143 % 1 0 2.5 0.21 0.04
Mixture 343255 344142 % 1 0 -5 0.42 0.11
Reference samples
Pure BSM 343252 0 0 15 1.20
344145 % 15 0.09

H.2.2 2D XVV signal model

The input and reference samples for the 2D ggF and combined VBF +V H signal
models are listed in Tables and respectively.

Again, the pure BSM CP-odd samples, 343252 and 344145, need to be scaled before
combination to account for the different cos(a) value. Either the V(— ¢v/0¢)H sample
is scaled up by 4 or the VBF +V(— qq)H sample is scaled down by %.
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Appendix H Input samples for the BSM signal models

Table H.4: List of input and reference samples for the 2D X V'V signal model of ggF
production in the Run-2 rate-based tensor structure analysis describing the
BSM contributions, cokpyvy and sqkavy, in the HVV vertex.

Description Data set cos(a) KHge ksm kHVV KAvy 0 - BRI[fb]
1D

Input samples

SM 344158 1 1 1 0 0 4.1
Pure BSM 344159 1 1 0 1 0 5.4-107°
Pure BSM 344162 % 1 0 0 1 05-1073
Mixture 344161 1 1 1 —6 0 2.8
Mixture 344165 % 1 1 6 6 1.5
Mixture 344166 % 1 1 —6 —6 0.7
Reference samples
Mixture 344160 1 6 0 5.8
Mixture 344163 % 1 1 1.1
Mixture 344164 % 1 1 0 —6 1.1
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H.2 Rate-based tensor structure analysis

Table H.5: List of input and reference samples for the combined 2D XVV signal
model of VBF and V H production in the Run-2 rate-based tensor structure
analysis describing the BSM contributions, c,kpvy and sakavy, in the

HVV vertex.
Description Data set ID cos(a) Ksm  KHVV KAVV o - BR[fb]
VBF and V(— v/tl)H VBF and V(— (v/t)H
V(= a9 H V(= q9)H
Input samples
SM 343247 344135 1 1 0 0 0.55 0.07
Pure BSM 343249 344140 1 0 10 0 0.83 0.29
Pure BSM 343252 0 0 0 15 1.20
344145 % 0 0 15 0.09
Mixture 343253 344141 % 1 0 5 0.42 0.11
Mixture 343254 344143 % 1 0 2.5 0.21 0.04
Mixture 343255 344142 % 1 0 -5 0.42 0.11
Mixture 343259 344136 1 1 5 0 2.31 0.45
Mixture 343260 344138 1 1 2.5 0 0.85 0.07
Mixture 343261 344137 1 1 -5 0 1.89 0.68
Mixture 344152 344146 % 1 2.5 -5 0.54 0.12
Mixture 344153 344151 % 1 5 5 0.96 0.23
Mixture 344154 344150 % 1 5 6 1.13 0.29
Mixture 344155 344147 % 1 =25 -5 0.50 0.15
Mixture 344156 344148 % 1 -5 5 0.69 0.24
Mixture 344157 344149 % 1 -5 —6 0.78 0.27
Reference samples
Mixture 343256 344144 % 1 0 -25 0.21 0.04
Mixture 343262 344139 1 1 =25 0 1.00 0.31
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Appendix H Input samples for the BSM signal models

H.2.3 Xgg signal model
The input and reference samples for the ggF signal model are listed in Table
Table H.6: List of input and reference samples for the X gg signal model of ggF pro-

duction in the Run-2 rate-based tensor structure analysis describing the
CP-odd BSM contribution, sqkage, in the Hgg vertex.

Description Data set cos(a) ksM  KHgg HKagg 0 -BRI[fb]

ID
Input samples
SM 344158 1 1 0 1 4.1
Mixture 344167 % 1 05 1 1.6
Mixture 344168 > 1 —05 1 1.6
Reference samples
Mixture 344169 % V2 V2 V2 13.4
Pure BSM 344170 > 0 1 1 2.3

222



Appendix I

Signal model of the rate-based analysis

In this appendix the signal model of the rate-based tensor structure measurement
in Run-2 is shown. The signal model is the expected event yield in a reconstructed

category in dependence on BSM or SM coupling parameters.

The 2D XVV signal model in two-dimensional planes of two coupling parameters is
shown in Figures and The total expectation from Higgs boson signal and
background processes is shown together with the observed data, if the observed yield

is within the boundaries of the expected contours.

The one-dimensional distributions of the XVV and Xgg analyses are shown in Fig-
ures and In all figures, the total expectation from Higgs boson signal and
background processes is shown together with expected Higgs boson signals that are
non-constant functions of the BSM coupling and with the observed data.

The 1D projection of the 2D X V'V signal model in dependence on the CP-even BSM
coupling, cokHvV, in each reconstructed event category is shown in Figure The
1D projection in dependence on the CP-odd coupling, sqkavv, is not shown, since it is
identical within the morphing method error to the 1D X V'V signal model, which is
shown in Figure |[.5)

The X gg signal model in dependence on the CP-odd BSM coupling, sqkagg, in each

reconstructed event category is shown in Figure |L.0
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Figure 1.1: The contour of expected and observed events in each reconstructed category
in Run-2 data for the XV'V rate-based tensor structure analysis probing
BSM couplings in the HV'V vertex in dependence on the BSM CP-odd and
even coupling parameters, sqaravy and cokpgyy. Together with the total
signal model expectation, i.e. from Higgs boson signal and background
processes, the observed data (red) are shown.
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Figure 1.2: The contour of expected and observed events in each reconstructed category
in Run-2 data for the XV'V rate-based tensor structure analysis probing
BSM couplings in the HV'V vertex in dependence on the BSM CP-even
and SM coupling parameters, cokpvy and cqkgn. Together with the total
signal model expectation, i.e. from Higgs boson signal and background
processes, the observed data (red) are shown.
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Figure 1.4: The expected and observed events in each reconstructed category in Run-2
data for the XV'V rate-based tensor structure analysis probing BSM coup-
lings in the HV'V vertex in dependence on the BSM CP-even coupling
parameter, cokpvy. Together with the total (black) signal model expec-
tation, i.e. from Higgs boson signal and background processes, the single
expectations from ggF (blue), VBF +V H (green), ttH (magenta), bbH
productions (purple) and the observed data (red) are shown.
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Figure 1.5: The expected and observed events in each reconstructed category in Run-
2 data for the XV'V rate-based tensor structure analysis probing BSM
couplings in the HV'V vertex in dependence on the BSM CP-odd coupling
parameter, s,kavy. Together with the total (black) signal model expec-
tation, i.e. from Higgs boson signal and background processes, the single
expectations from ggF (blue), VBF +V H (green), ttH (magenta), bbH
productions (purple) and the observed data (red) are shown.
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Figure 1.6: The expected and observed events in each reconstructed category in Run-

2 data for the X gg rate-based tensor structure analysis probing a BSM
CP-odd coupling in the Hgg vertex in dependence on the BSM CP-even
coupling parameter, sokage. Together with the total (black) signal model
expectation, i.e. from Higgs boson signal and background processes, the
single expectation from ggF (blue) and the observed data (red) are shown.
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Appendix J

Validation of the morphing method

In this appendix the error associated with the morphing method used in the signal
model of the rate-based tensor structure measurement in Run-2 is estimated. In order
to make sure that the error associated to the morphing method is sufficiently low,
it is compared to the error expected in Run-2 data. If the morphing error in each
reconstructed event category is smaller than the expected data error, it is deemed

sufficiently small.

The expected data error is roughly estimated to be v/N, since the events N counted
in data are following a Poisson distribution. The relative error is @, it is listed
in Table [J-I] for each reconstructed event category assuming that the yield given by
simulation from Higgs boson signal and background processes is observed in Run-2
data.

The relative morphing error for the ggF and VBF +V H signal models is evaluated for
the probed phase space regions (see Section .

For each signal model a summary table is constructed (Tables and , where
the maximum morphing error in the studied parameter range in each category is listed.
Categories failing the requirement, i.e. morphing errors larger than the expected data
error, are indicated in red. In categories, where the morphing method is not reliable,
the signal model is built with a polynomial and the morphing error is not reported.
For each scan of each signal model the distribution or contour, in case of two dimensional
phase spaces, of the relative morphing error is shown in Figures [J.1] [J-2] [J-3] [J-4]
[J.6 77 and The morphing error of the VBF +V H signal model is
indicated in green, the ggF one in blue.

All signal models and scans together with the relevant summary tables and morphing

error distributions are listed in the following:
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Appendix J Validation of the morphing method

1. 2D XVV signal model, see Table [J.2}
a) 1D scan: |cornvv| < 6, see Figure

b) 2D scan: |coknvv| < 6 and |sqravv| < 6, see ggF and VBF +VH in

Figures [J-4] and [J.5]

c) 2D scan: |corpvy| < 6 and 0.5 < corgm < 1.7, see ggF and VBF +V H in

Figures [J.6] and [J.7]
2. 1D CP-odd XVV signal model, see Table

a) 1D scan: |sqkavv| < 6, see Figure

b) 2D scan: |sqravy| < 6 and 0.5 < corsm < 1.7, see ggF and VBF +V H in

Figures [J.8 and [J.9]
3. Xgg signal model, see Table [J.4 and Figure

a) 1D scan: |sqkagg| < 0.7

All signal models pass the requirement except the VBF +VH 1D CP-odd XVV
signal model in the two-dimensional s,kavy and cqkgym plane in the 1 j—p%?-Low and
1 j—pﬁlFK—Med categories. From Figure (second row, left and middle) it can be seen
that the high morphing error is in corners of the phase space region, while most of the
phase space has a morphing error smaller than 20 %. Therefore, the signal model is

assumed to be reliable.
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Table J.1: The expected total yield from Higgs boson signal and background processes
in the four-lepton final state for each event category in Run-2 data together
with the relative yield error assuming that the expectation is observed in

data.
Category Yield Relative error [%)]
N =
tt H-enriched 0.46 146
V H-Lep-enriched 0.39 162
0j 42.80 15
1j-p3*-Low 12.35 28
1j-pit-Med 6.73 39
1j-p4'-High 1.63 78
VH -Had—enriched—p%?—Low 3.82 52
VH —Had—enriched—pflrg—High 0.70 120
VBF—enriChed—pzf—Low 7.61 36
VBF-enriched-pl-High 0.66 118
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Appendix J Validation of the morphing method

Table J.2: Summary table of the error associated with the morphing method for the
2D XV'V signal model of the rate-based tensor structure measurement in

Run-2.
Category Max. rel. error |%]
1D plane 2D plane 2D plane
lcarimvy| < 6 lcaknvv| < 6, |carimvv| < 6,

0.5 < |caksm| < 1.7 |sakavv| < 6,
ggF' VBF +VH ggF VBF +VH ggF VBF +VH

tt H-enriched — S . .

V H-Lep-enriched — 3.5 — 7T — 7
05 1.5 3 45 12 3 12
1j-p¥-Low 3.2 4.5 9 19 7 25
1j-p3*-Med 4.5 3.5 13 16 9.5 12
1j-pt-High 8 35 25 12 18 9
V H-Had-enriched-p4/-Low 7 35 19 10 16 12
VH -Had—enriched—p‘in—High 12 6 7 10 23
VBF-enriched-p-Low 5.5 2.2 22 12 13
VBF—enriChed—pjT—High — 5.5  — 12 —
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Table J.3: Summary table of the error associated with the morphing method for the 1D
CP-odd X V'V signal model of the rate-based tensor structure measurement
in Run-2. Categories where the morphing error is larger than the expected
error in Run-2 data are indicated in red.

Category Max. rel. error [%]
1D plane 2D plane
|saravy| <6 |sakavv] < 6,

0.5 < |eaksm| < 1.7
gglt" VBF +VH ggF VBF +VH

tt H-enriched — 10 — 40
V H-Lep-enriched — 1.8 — 10
0j 1 3 35 15
1j-p3¥-Low — 5 40
1j-pt-Med 2.9 4 9 45
1j-pA-High 5 2.6 17 13
VH—Had—enriched—p‘lTﬁ—Low 4.6 3.4 12 30
VH —Had—enriched—p‘lTe—High — 26 — 15
VBF-enriched-p)-Low 3.5 2 11 13
VBF-enriched-p-High 13 2 21 10
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Appendix J Validation of the morphing method

Table J.4: Summary table of the error associated with the morphing method for the
X gg signal model of the rate-based tensor structure measurement in Run-2.

Category Max. rel. error |%)]
|sakAage| < 0.7
tt H-enriched —

V H-Lep-enriched 75
0j 1.3
1j-pi-Low 2.8
1j-pA-Med 3.4
1j-p-High 7.5
VH —Had—enriched—p‘sz—Low 4.6
VH —Had-enriched—p%ﬁ—High 18
VBF-enriched-p}-Low 6
VBF-enriched-p/-High 18
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Figure J.3: Distribution of the morphing error as a function of sokagg for the ggF
(blue) X gg signal model in Run-2 .
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ggF 2D XVV signal model in Run-2 .
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