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Abstract

In the following thesis a search for non-resonant and resonant di-Higgs boson
production in the hh — yyWp.qW , decay channel is presented. The analy-
sis is based on 36.1 fb~! of collision data recorded by the ATLAS experiment
at the LHC in 2015 and 2016 at a center-of-mass energy of /s = 13 TeV. The
channel combines the high resolution of the h — =~ process and the high
branching ratio of the h — WW™*(— ¢ggqq) decay channel. The analysis was
optimised for a resonant mass point my = 750 GeV and applied to boosted
topologies in a mass range 500 GeV< mpy < 3TeV, where the quarks could
be resolved by at least one large Anti-k;(R = 1.0) jet. The optimisation
was performed by maximizing the Cowan significance using a cut based ap-
proach. In this regard, the discrimination power of kinematic variables as
well as substructure variables such as N-subjettiness for boosted topologies
is studied. The channel was studied for a tight photon identification as well
as for a loose photon ID. The background is simulated using a data-driven
method on the photon side in addition to Monte-Carlo simulated Standard
Model h — v samples.

As no evidence for di-Higgs boson production was observed, upper limits
were set on o(gg — H) x BR(H — hh) and o(gg — hh) for the resonant
and non-resonant Higgs boson pair production respectively. Upper limits
for non-resonant production are at 27.16#118:%% pb (expected) and 48.37 pb
(observed). The most stringent limits for the resonant samples could be set
for my = 1.5 TeV with 3.6972-9 pb (expected) and 2.07 pb (observed).
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1. Introduction

Since the middle of the 20" century, the Standard Model (SM) of particle physics has
been developed to be the most successful theory of contemporary physics. Its triumph
arguably began in 1961 when Sheldon Glashow discovered a way to integrate electromag-
netic and weak interactions into one single electroweak theory [1]. In 1967, Steven Wein-
berg and Abdus Salam incorporated the Higgs mechanism [2] in Glashow’s electroweak
theory [3, 4] and shaped the SM as we know it today. Since then, one observation after
another confirmed the predictions of the SM. The electroweak theory was confirmed in
1983 with the experimental discovery of the Z [5] and W [6] bosons. With the discovery
of the Higgs boson in 2012 [7, 8], the full range of particles predicted by the Standard
Model was observed for the first time. Although this was a major breakthrough, many
questions still remain open today. For instance, with the amount of data collected to-
day, it is not possible to study Higgs boson self-coupling, an important prediction of the
SM. Furthermore, the SM has limitations and is not able to describe all observations in
nature. As a consequence, several models try to extend the SM by adding more than
one Higgs boson. To validate these models, it is necessary to further investigate the SM

as well as extended Higgs sectors.

In this thesis, a search for non-resonant and resonant di-Higgs boson production in
the hh — yyYWheaW,,, decay channel is presented. As the high precision era at the
LHC approaches, the investigation of di-Higgs boson production is likely to gain more
importance. It is the most promising possibility to study the Higgs boson self-coupling
and is also sensitive to contributions of models that predict resonant Higgs boson pair

production.

The thesis is structured as follows: in Chapter 2, a brief description of the Standard
Model and its limitations is provided. In addition, the Higgs mechanism is outlined
and the prospects of Higgs boson pair production in the SM framework and in ex-
tended theories are discussed. The ATLAS detector and its most important components
are described in Chapter 3. Chapter 4 presents the experimental methods which were
specifically used in this analysis and Chapter 5 outlines the analysis strategy, especially
why the hh — Y yWhaeaW},, channel is chosen and how the background estimation is
performed. The optimisation for the signal selection is presented in Chapter 6 and the
final results, including limits on di-Higgs boson production, are presented in Chapter 7.

Finally, a brief summary of the results as well as an outlook is given in Chapter 8.
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2. Theoretical background

In the following section, a brief description of the Standard Model and its limitations
is provided. In addition, the Higgs mechanism is outlined and the prospects of Higgs

boson pair production in the SM framework and extended theories are discussed.

2.1. The Standard Model
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Fig. 1: The fermions and bosons of the Standard Model [9]

The Standard Model aims to describe the constituents of matter at the most fundamental
level. To date, it provides the best known description of the properties and interactions
of the elementary particles. According to the SM, the universe is made up of 12 spin—%
particles known as fermions. Fermions can be classified into two groups, namely the
leptons and quarks. In addition to a quantum property called colour charge, quarks can
either carry % or —% of the elementary electric charge. In contrast, the electron, muon
and tau carry an electric charge of —1 and their respective neutrino partners are charge-
less. Furthermore, fermions are grouped into three generations, each comprised of two
leptons and two quarks. The first generation includes up and down quarks, the second
strange and charm quarks, and the third bottom and top quarks. As particles in higher
generations are heavier and less stable, they tend to decay to lower-generation particles.
As a consequence, only first generation particles exist commonly in nature. Finally, for
each fermion there is a corresponding antifermion. For instance, the antiparticle that
corresponds to the electron is the positron. They are identical in terms of mass, lifetime

and spin but are oppositely charged. This applies for the electric charge as well as for



2. Theoretical background 3

the mentioned colour charge. Apart from being categorized in terms of their intrinsic
properties like mass, SM particles can be classified by the forces by which they are in-
fluenced. In Table 1, the four fundamental forces are listed with their relative strength
compared to the strong force. Note that gravity is over 29 orders of magnitude weaker
than the weak force and is not included in the Standard Model.

Force Relative Strength Boson
Strong 1 Gluon (g)
Electromagnetism 1073 Photon (7)
Weak 107% W=

Z Boson (Z)
Gravity 10737 Graviton? (G)

Tab. 1: Relative strength of the four fundamental forces and their respective force car-
riers.

Each force is mediated through a spin-1 gauge boson. The SM predicts four different
force carriers: the gluon for the strong force, the photon ~ for electromagnetism and
the W* bosons and Z boson for the weak interaction. In contrast, the Higgs boson is
a scalar boson, i.e. a spin-0 particle and plays a vital role in the Standard Model (see
section 2.1.4). The particles of the Standard Model are depicted in Figure 1.

2.1.1. Quantum electrodynamics

The electromagnetic interaction is described by quantum electrodynamics (QED). All
quantum field theories describe particles as excitations of certain fields. For instance,
spin—% particles are described as excitations of a spinor field satisfying the Dirac equa-
tion. In order to fully describe the interactions of the particles, quantum field theory
(QFT) requires the Lagrangian to be invariant under a local phase transformation. The
underlying symmetry associated with QED is invariance under U(1) local phase trans-
formations. In order to ensure said invariance, so-called gauge fields are introduced in
the Lagrange density. This leads to terms in the Lagrangian that can be interpreted
as massless gauge bosons, namely the photon in quantum electrodynamics. As a con-
sequence of the U(1) symmetry, the QED coupling constant agys, i.e. the strength

with which a fermion couples to a photon, is proportional to the elementary charge.
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L' Tt is important to remark that the

All charged fermions interact with the photon.
calculation of probability amplitudes for a certain interaction always yields complicated
integrals over a large number of variables. However, the use of perturbation theory al-
lows us to represent perturbative contributions to the probability amplitudes in form
of Feynman diagrams. The total matrix element is then the sum over all interactions

4 we can neglect

represented by the Feynman diagrams. As Mo o« o and Mpyro x o
higher order terms for low energies, since apy =~ 1:1,7 < 1. Nonetheless, agy is a
running coupling constant and increases for higher momentum transfers. Therefore, the

leading order approximation will yield poorer results for a higher centre-of-mass energy.

2.1.2. Quantum chromodynamics

Fig. 2: The predicted QCD interaction vertices arising from the requirement of SU(3)
local gauge invariance. [10]

The strong force is the strongest force in the SM and thus dominates interactions when-
ever possible. Its underlying symmetry is invariance under local SU(3) phase transfor-
mations. In order to interact strongly, a particle needs to carry a colour charge, denoted
by colour states red (r), green (g) or blue (b). These correspond to orthogonal states
of the SU(3) symmetry. As leptons cannot carry a colour charge, only quarks are able
to interact through QCD. Furthermore, the gluon itself is a colour carrier and can take
on one of eight different colour states. This allows the gluon to self-interact as shown in
Figure 2. An important empirical observation is the phenomena of confinement. Neither
quarks nor gluons are able to exist as free particles, but always come in bound colourless
states. Colourless states can be mesons |qg), baryons |ggq) or antibaryons |ggg).2 When
gluons and quarks are separated with a high energy, quark-antiquark pairs are sponta-

neously created from the vacuum due to gluon self interaction and create an initial spray

'The Standard Model does not allow flavour-changing neutral currents (FCNC’s) prior to tree level.
For instance, a tau lepton cannot decay into an electron through radiation of a photon. However,
related scenarios are discussed in BSM physics.

2In 2015, LHCb researchers at CERN discovered a new bound pentaquark state (uudcé) with a statistical
significance of 90 [11].
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of particles. Next, the quarks all recombine into hadrons, a process known as hadroni-
sation. Since at |g| & 1 GeV the coupling constant of QCD is of O(1) and perturbation
theory cannot be used, no straightforward calculations are possible. However, there
are different models and methods which are successful in phenomenologically modelling
these processes. It is also worth noting that in contrast to QED, the coupling constant
in QCD decreases noticeably with rising energy scales. For instance, at |g| ~ 100 GeV
as ~ 0.1, which is sufficiently small to apply perturbation theory. This phenomenon is
called asymptotic freedom and is used to calculate hard processes prior to hadronisation

(see section 4.1).

2.1.3. The weak interaction

The weak interaction is unique compared to the strong and electromagnetic forces in a
number of ways. First of all the weak force is carried by three gauge bosons, namely Z
and W bosons. Whereas gluons and photons are massless, the Z and W bosons have
masses of 91.2 GeV and 80.4 GeV respectively and thus are the heaviest fundamental
particles after the top quark and the Higgs boson in the SM. As mentioned before, the
requirement of invariance under local phase transformations leads a priori to massless
gauge bosons. The reason why the Z and W are massive is described by the Higgs
mechanism. In addition, the weak force is able to couple to all fermions and is the only
interaction capable of changing the flavour of quarks. The W* bosons can only couple to
particles with a left handed chirality state and antiparticles with a right handed chirality
state. The W pairs the electron, muon and tau to their corresponding neutrinos. For
the quarks, the charge difference must be one in order to preserve charge conservation.
However, not all couplings are equally strong. This observation was first explained with
the so-called Cabibbo hypothesis [12], which states that the weak interactions of quarks
have the same strength as the leptons, but the weak eigenstates of quarks differ from

the mass eigenstates. Their relation can be compactly written in the form

(§)=~() 0

where A is the so-called Cabibbo-Kobayashi-Maskawa (CKM) matrix [13]. The weak
eigenstates d’, s’ and b’ are expressed as linear combination of the observable mass eigen-
states. The square of the matrix component |Vj;| is then proportional to the coupling
strength between the W boson and the two corresponding quarks. The highest coupling

strength is found on the diagonal of the matrix, i.e. for the couplings of quarks within
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their respective generations. Even though generation mixing is allowed, those processes

are much less likely.

One of the most most important goals of particle physics is to unify the individual quan-
tum field theories into one single theory. This has already been accomplished for electro-
magnetism and the weak interaction, resulting in the theory of electroweak interactions.
The unification is accomplished by extending the underlying symmetry, SU(2)z, from
the weak interaction to the gauge group SU(2);xU(1)y. The associated gauge bosons
are the three W bosons of weak isospin from SU(2) (W5, Wa, and W3), and the B boson
of weak hypercharge from U(1). The weak hypercharge is the charge of the electroweak
interaction and given by Y = 2(Q — I3};), whereas I}, is the third component of the weak
isospin. The SM is therefore a gauge theory based on the gauge symmetry group

SUB)e®SU(2)L @U(1)y,
—_——

strong electroweak

where the associated charge for the strong force is colour charge and the associated

charges for the electroweak force are the weak isospin and the weak hypercharge.

2.1.4. The Higgs mechanism

Fig. 3: Form of the Higgs potential for y? < 0 and A > 0 [14]

As already stated in section 2.1.3, the underlying symmetries of the interactions require
all gauge bosons to be massless. While this is true for the photons and gluons, exper-
iments have shown that the W+ and Z bosons are among the heaviest fundamental

particles in the Standard Model. In fact, even the spin—% particles are expected to be
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massless to preserve the underlying symmetries. In order to solve this contradiction, a

complex doublet of scalar fields is added to the Lagrange density:

o(x) = $1(x) +id2(x) | @)
(;53 (X) + i¢4(X)

where ¢;(x) are real scalar fields. The potential of the resulting Lagrangian is known as

the Higgs potential and has the form:
V(¢) = 1?6'6 + A(¢T¢)? (3)

where ;2 < 0 and A > 0. The form of the Higgs potential is shown in Figure 3. The
lowest energy state does not occur for ¢(x) = 0, as the resulting symmetric potential
possesses a global minimum at a distance v from the origin. The potential is thus said to
have a non-zero vacuum expectation value. When the fields are expressed as an expansion
about the new vacuum expectation value, the terms of the masses for the W+ and Z
bosons naturally emerge. The underlying symmetry of the Lagrangian is conserved but
is said to be hidden. This phenomena is known as spontaneous symmetry breaking. One
can simplify the Lagrangian without loss of generality when writing the fields in unitary
gauge:

0
P(x) = : (4)
v+ h(x)
Here h(x) represents the physical Higgs field. Expanding the Higgs doublet around the

electroweak symmetry breaking vacuum expectation value yields terms
g 1
L D M?h? + \vh? + th‘*. (5)

This process is called Brout-Englert-Higgs mechanism and predicts the existence of a new
massive scalar boson, namely the Higgs boson h. The quadratic term can be interpreted

as mass term which leads to a Higgs boson mass of
mp = V2Av. (6)

The cubic and quartic terms in the Lagrangian predict trilinear and quartic Higgs boson
self-coupling. The resulting interaction vertices and their respective coupling strengths

are shown in Figure 4.
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Fig. 4: Trilinear and quartic Higgs-boson self-interaction terms arising from the Higgs
mechanism with their corresponding coupling strength.

The mass of the W™ bosons resulting from spontaneous symmetry breaking can be

parametrized as )

mw = 59WU7 (7)

whereas the mass of the Z boson can be expressed as

S )

myg = — V.
2 cos Oy

Here gy denotes the weak coupling constant and the so-called Weinberg angle is exper-
imentally determined to be 6y ~ 28.74° [15]. The Higgs mechanism can also be used
to generate the fermion masses via the Yukawa coupling. The fermions interaction with

the Higgs field generates the fermion masses

1
mg= 595 (9)

where gy is known as Yukawa coupling constant.

f W~ z

9 9
H====- Mt zmvle H-==-- Mw gw H ===== z cosvevw

f W~ z

Fig. 5: Primary interaction vertices of the Higgs boson with fermions, W and Z bosons
with their corresponding coupling strengths.
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Note that the vacuum expectation value v sets the mass scale for all particles. It has
been experimentally determined to be v ~ 246 GeV. Also note that coupling strengths

to the Higgs boson are proportional to the particle’s mass (see Figure 5).

2.1.5. Higgs boson production

8 q > > q
Wz

N D H
w.Z

g q > > q

Fig. 6: The three most common singe Higgs production modes at the LHC: gluon-gluon
fusion, vector boson fusion and Higgsstrahlung respectively.

The Standard Model allows the Higgs boson to be produced through a number of different
processes in pp collisions. The cross sections are heavily dependent on the centre-of-mass
energies of the collider (see Figure 7). The cross-sections relevant to this analysis, i.e.
for a centre-of-mass energy of /s = 13TeV, are shown in Table 2. The most common
process at the LHC is known as gluon-gluon fusion (ggF'). In this process, the two gluons
fuse via a virtual top quark loop to yield a Higgs boson in the final state. The gluons
can radiate further gluons which become visible as jets in the detector. The process
with the second most highest cross section is the production via the fusion of two vector
bosons, namely the W* or Z boson. The process is known as vector boson fusion
(VBF). The vector bosons are radiated from quarks which are conserved in the process
and become visible as highly energetic jets in the hadronic calorimeter. For VBF the
scattered quarks are expected to travel almost parallel to the beam direction, and this
topology makes it easier to suppress the background and identify the Higgs signal. The
radiation of a Higgs boson from off-shell W* or Z bosons, denoted Higgstrahlung (WH
and ZH respectively), is also observed. As the gauge bosons are conserved, signatures of

decaying W and Z bosons can help to identify this process.



2. Theoretical background

10

L

=
o
\

M(H)= 125 GeV

LHC HIGGS XS WG 2016

cp + NLOEWD

LR

PP

o(pp —~ H+X) [pb

=

6 7 8

s [TeV]

9 10 11 12 13 14 15

Fig. 7: Predictions for the Standard Model Higgs boson production cross sections as a
function of /s, assuming a Higgs mass of mj; = 125 GeV. The lighter colors are
the theoretical uncertainties. [16]

The Feynman diagrams of these processes are depicted in Figure 6. The last process

considered is the associated production of a Higgs boson with a ¢t pair (ttH). It has the

smallest cross section and therefore only plays a minor role in this analysis. While the

cross section of the ggF is by far the largest, it is difficult to separate the Higgs signal

from the large QCD background that gluon-gluon fusion produces.

Process  Cross section [pb]
ggF 43.92
VBF 3.748
WH 1.380
7ZH 0.9753
ttH 0.5085

Tab. 2: Cross sections for the various Higgs boson production processes for /s = 13 TeV
relevant at the ATLAS experiment. [17]
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2.1.6. Higgs boson decay channels
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Fig. 8: Predictions for the Standard Model Higgs boson branching ratios as a function
of the Higgs boson mass. The lighter colors are the theoretical uncertainties. [16]

With the exception of the heavy top quark, the SM allows the Higgs to potentially decay
into all SM particles. As the coupling strength of the Higgs boson is proportional to the
mass of the particle (see section 2.1.4), the Higgs boson preferably decays into heavy
particles. Therefore, the highest branching ratios for a Higgs decaying into fermions
are for the decays into a bb pair, a c¢ pair or into 7777, As my < 2myy, the Higgs
boson is not able to decay into two massive W bosons. However, the second largest
branching ratio is given by the decay h — WW™*, where the star indicates a virtual, also
known as off-mass-shell, W boson. Even though processes involving off-shell particles are
suppressed, the high coupling constant to the massive W boson, my gy, compensates
for this effect. The Higgs boson can also decay into massless particles via loops of virtual
W bosons and top quarks. As the couplings to the heavy particles in the loop are strong,
processes like h — gg and h — 7 play an important role in the decay of the Higgs boson.
The branching ratios of the most common decays as a function of the Higgs boson mass
are shown in Figure 8. The branching ratios assuming a Higgs boson mass of mj = 125

are shown in Table 3.
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Decay mode Branching ratio

h — bb 57.8%
h— WW* 21.6%
h — gg 8.6 %
h— 7t~ 6.4 %
h — cc 2.9%
h— ZZ* 2.7%
h — vy 0.2%

Tab. 3: Branching ratios for common Higgs boson decays, assuming a Higgs mass my, =
125 GeV. [17]

2.1.7. Higgs boson discovery
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Fig. 9: The observed local p-value as a function of my in the low mass range. The
dashed curve shows the expected local p-value under the hypothesis of a SM
Higgs boson signal at that mass. The horizontal dashed lines indicate the p-
values corresponding to significances of 1 to 6o.

As mentioned in the introduction, a new particle was observed 2012 by the ATLAS and
Cwms collaboration with a significance of 5.9 and 5.00 respectively. The observed local
po value and the corresponding significance as a function of my, is shown in Figure 9.
The p-value describes the probability to obtain the observed results if the hypothesis of
a SM Higgs boson is wrong. After the discovery there were some doubts whether or not
the observed particle was really the Higgs boson. However, further measurements of the
particles properties such as spin, parity and coupling strength all strongly pointed to
the SM Higgs boson.
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Even though the h — ¢¢ channels have large branching ratios, they were not of great
importance in Higgs searches, as the signatures are subject to large QCD background.
The two most important processes which led to the Higgs boson discovery were the
h — vy as well as h — ZZ*(— 4/) interactions. Even though they provide low branching
ratios (see section 2.1.6), the background processes are well understood and the decay

products provide a clear signature in the detector.

The mass of the Higgs boson was experimentally determined to be 126.0 4 0.4 (stat.) £
0.4 (syst.) GeV [7] by the ATLAS collaboration and 125.3 & 0.4 (stat.) & 0.5 (syst.) GeV
[8] by the CMs collaboration. The current best value from a combined measurement
using Run I data from the ATLAS and CMS experiments is my, = 125.09 &+ 0.21 (stat.) £
0.11 (syst.) GeV [18].

2.2. Limitations of the Standard Model

The SM is not a complete theory of everything (ToE). Gravity is not incorporated in
the SM. Until now, every attempt to unite general relativity with the SM has failed,
which seems to indicate a fundamental incompatibility between both theories [19]. Ad-
ditionally, observations suggest that our universe is comprised of much more mass than
indirectly measured through cosmic radiation. This has led to the assumption of the
existence of an unknown form of matter known as dark matter (DM) [20]. In order to
explain the lack of observed radiation, DM is expected to consist of weakly interacting
massive particles (WIMPs) [21], for which the SM cannot provide a suitable candidate.
Finally, the SM predicts a slight asymmetry between matter and antimatter due to CP
violation, but there is currently no mechanism that can explain the overwhelming excess
of particles to antiparticles in our universe [22]. From a theoretical perspective, there
are also some aesthetic issues with the SM. For instance, the Higgs mass receives mas-
sive quantum corrections, which are much larger than its actual mass. This means that
the bare mass must be largely fine tuned in order for those corrections to cancel out.
Such behaviour is known as hierarchy problem [23] and is considered unnatural and may

indicate the existence of a more fundamental theory.

2.3. Extended models

Alternative theories to the SM have been around since its development. One of the most
promising extensions is considered to be supersymmetry (SUSY). SUSY associates a new

particle, called superpartner, to every particle in the SM. SUSY does not only resolve
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the hierarchy problem, but provides a promising candidate for dark matter, the so-called
neutralino. Also it allows the unification of all three forces at around 10'® GeV, which is
considered aesthetic from a theoretical point of view. There exist several SUSY models,
including the minimal supersymmetric model (MSSM) [24]. The MSSM only includes
the minimal number of new particles and interactions needed for supersymmetry. Some
more exotic scenarios dealing with extra dimensions such as the Kaluza—Klein theory

[25] and the Randall-Sundrum model [26] are also discussed as possible extensions.

2.3.1. 2HDM models

In section 2.1.4, a complex doublet of scalar fields is added to the Lagrange density as part
of the Higgs mechanism and electroweak symmetry breaking, which lead to the prediction
of a single spin-0 boson. In fact, the SM Higgs boson is the only known fundamental
scalar boson in nature known at the present day. However, extended models propose
adding additional scalar multiplets. One of the most promising approaches to study
the scalar nature of the electroweak SU(2);, ® U(1)y gauge theory is the parameter p.
Consider n scalar multiplets, ¢;, with weak isospin I;, weak hypercharge Y;, and vacuum

expectation value v;, then the parameter p at tree level becomes [27]:

n
;[Ii(Ii +1) — 1Y,
p="= T (10)

The parameter has been experimentally determined to be very close to one [28] and thus
helps to exclude some of the theoretical proposals. The simplest possible extensions of
the SM compatible with p ~ 1 are known as Two-Higgs-Doublet Models (2HDMs) [29].
2HDM models are considered to be a promising approach as they are capable of solving
various SM problems at once. For instance, in supersymmetric models like the MSSM,
one Higgs doublet is not enough to generate the masses of up- and down-type quarks
simultaneously. Furthermore, the cancellation of gauge anomalies in SUSY models also
requires a second doublet [30]. 2HDMs also allow for additional sources of CP violation
and might help to explain baryogenesis [31]. The two complex scalar SU(2) doublets
that are added in 2HDM models can be compactly written as

+
o, = % , ()

(Vo + pa + 1) V2



2. Theoretical background 15

where a = 1,2. Three of the eight degrees of freedom are responsible for generating
the masses of the W¥ and Z bosons. The other remaining fields lead to five physical
Higgs bosons: the known Higgs h from the SM, a heavier neutral Higgs H, a CP odd
pseudoscalar A and two charged H*. Assuming CP conservation in the Higgs sector

and the absence of spontaneous CP breaking, the most general potential yields [30]

A 2\ 2
V = m} @] 0 + m3, 8L, — mi, (0] + 0} ) + ?1 (ol@1)" + ?2 (o@2) )
12
A 2 2 ’
+ A0} 21240y + M@ B20]0; + T [(@}@2) + (ef,) ]

for two doublets ®; and ®, and real parameters m;; and \;. 2HDMs are usually cat-
egorised into Type-I and Type-II models. In Type-I models, all quarks couple to just
one of the Higgs-doublet, ®5 by convention. In Type-II models, right-handed up-type
quarks couple to ®9 and right-handed down-type quarks couple to ®;. Note that the
MSSM is a Type-1I 2HDM.

2.4. Di-Higgs production

Up to the present day, only single Higgs production events have been observed. However,
the Standard Model also predicts Higgs boson pair production. In fact, as stated in 2.1.4,
the Higgs particle is a consequence of the electroweak symmetry breaking, which predicts
Higgs-self coupling and therefore a mechanism for Higgs pair production. In addition,
pair production is also allowed for other interactions such as through Higgs-fermion

Yukawa couplings as shown in Figure 10.

O e T T Tu T Lo T Ta TaT e TeTeTaTa h g

Y

t/b A v

A

Fig. 10: Leading-order Feynman diagrams of the nonresonant production of Higgs boson
pairs in the Standard Model through the Higgs boson self-coupling and the
Higgs-fermion Yukawa interactions only. [32]

The main motivation of studying non-resonant di-Higgs production is the measurement

of the trilinear Higgs boson self-coupling constant, which is predicted to be

3m?
ikt = 3" (13)
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and only accessible in Higgs boson pair production modes [33]. Note that the predicted
SM cross section for di-Higgs boson production at NNLO is approximately 33.45 fb [16]
for /s = 13TeV. One reason for the small cross section of non-resonant double Higgs
boson production is the destructive interference between the Feynman diagrams depicted
in Figure 10. However, many BSM models assume a different trilinear coupling constant
Anhh- The cross sections of the di-Higgs boson production modes are directly related
to the trilinear coupling constant, assuming that no other unknown processes alter the

cross sections (see Figure 11).

o(pp — HH + X) [fb]

1000 | Vs =14 TeV, My = 125 GeV
gg — HH
100 1
qq’ — HHqq'
10 | 1

qq — ZHH .0

01 L L 1 1 1 1

SM
AHHH/ A\pia

Fig. 11: Cross sections of the various Higgs pair production processes as a function of
the relative trilinear Higgs boson self coupling Appnp/ /\2,% at a centre-of-mass
energy /s = 14 TeV, assuming a Higgs boson mass of 125 GeV. Note that H in
the plot refers to the SM Higgs boson. [33]

As a consequence, the trilinear Higgs boson self coupling constant can directly be inferred

through the measurement of the cross sections. If the observations are consistent with the

SM, it is expected that i%ZAZ ~ 1. Deviations of this value would hint to either a different
interference than predicted by the SM or to new unknown double Higgs boson production
processes. Insufficient data has been recorded by the LHC to be sensitive to the non-
resonant cross section which are predicted by the SM. However, if one considers extended
Higgs sectors such as those of the MSSM, more possibilities for di-Higgs production arise.
For instance, the decay of a heavy 2HDM Higgs boson H into two ligher SM Higgs h is

shown in Figure 12.
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Fig. 12: Feynman diagram depicting the production of a heavy Higgs H like expected in
extended 2HDM models such as the MSSM, which then decays into two lighter
Higgs bosons h of the SM [32]
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3. Experimental setup

The ATLAS experiment is one of the four major experiments at CERN in Geneva. In
the following a short overview of the Large Hadron Collider and the ATLAS detector is
provided.

3.1. The Large Hadron Collider

CMS

LHC

SPS

CN(;\S\

2006 Gran Sasso

STER

East Area
LINAC 2 I
b Jm 4+
A =
LINAC 3 LEIR
1 e 2005 (78 m)
ons
} ion » neutrons  » P [antiproton) —H— /antiproton conversion  » neutrinos » electron
LHC Large Hadron Collider  SPS Super Proton Synchrotron  PS  Proton Synchrotron
AD Antiproton Decelerator  CTF3  Clic Test Facility CNGS Cern Meutrinos to Gran Sasso  ISOLDE  Isotope Separator OnLine DEvice
LEIR Low Energy lon Ring  LINAC LINear ACcelerator n-ToF Neutrons Time Of Flight

Fig. 13: Sketch of the various pre-accelerators and detectors of the LHC at CERN [34].

In order to study the properties of elementary particles and their fundamental interac-
tions, sophisticated accelerators operating at high centre-of-mass energies are essential.
In particular, high luminosity and centre-of-mass energies are needed in order to produce
heavy particles and observe extremely rare events such as Higgs boson production. The

LHC is a circular proton-proton collider with a circumference of approximately 26.7 km,
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located 175 m below the surface in order to shield it from atmospheric radiation. Dur-
ing Run I which took place from 2010 to 2012, the LHC operated at /s = 7 TeV and
/s = 8 TeV producing 5.46 fb~! and 22.8 fb~! of data respectively. The LHC was up-
graded and restarted with a centre-of-mass energy of 13 TeV in 2015. In 2016, it delivered
a total integrated luminosity of 38.5 fb~1. Tt is expected that the centre-of-mass energy
will be increased to the full design energy of /s = 14TeV in 2018. The protons are
not directly injected to the LHC but pass a series of pre-accelerators that successively
increase their energy as depicted in Figure 13. They are then accelerated in two adjacent
parallel beam pipes in opposite directions within the LHC. These beamlines intersect
at four points, namely at the four major experiments ATLAS, CMS, LHCbh and ALICE.
Dipole magnets are used to keep the beams on their circular path and quadrupole mag-
nets are used to keep the beam focussed. Whereas ATLAS and CMS are multi-purpose

experiments, LHCb specializes in the study of b-physics and ALICE in heavy ion collisions.

3.2. The ATLAS detector

25m

Tile calorimeters

LAr hadronic end-cap and

, forward calorimeters
Pixel detector \

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

Fig. 14: The ATLAS detector and subsystems. [35]

The ATLAS (A Toroidal LHC ApparatuS) detector consists of end-caps and a series of

concentric layers around the collision point which act as various detector types. The
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ATLAS detector was built to be nearly hermetic around the interaction point, i.e. to
cover the largest possible area around the collision so that sensitivity is ensured for all
possible decay products. It can be divided into three major parts: the inner detector,

the calorimeters and the muon spectrometer.

3.2.1. Coordinate System

Due to the concentric layout of the detector, ATLAS uses a cylindrical coordinate system.
The interaction point, i.e. the point where the beam pipes intersect, is defined as the
origin of the coordinate system. The z-axis corresponds to the beam line which traverses
the perpendicular  — y plane. Furthermore, 6 denotes the polar angle with respect to
the z-axis and ¢ the azimuthal angle around the z-axis. An important quantity is the
pseudorapidity n = —In [tan (g)} The reason why pseudorapidity is preferred over the
polar angle 6 is because differences in pseudorapidity are Lorentz invariant under boosts
along the longitudinal axis in the relativistic limit. As a measure of angular separation
between two objects in the detector the quantity AR = \/(An)* + (A¢)? is used.

3.2.2. Inner detector

The inner tracking detector begins a few centimetres from the collision point and extends
to a length of 6.2m and a radius of 1.2m. It is composed of the pixel detector, the Semi-
Conductor Tracker (SCT) and the Transition Radiation Tracker (TRT), as shown in
Figure 14. It is surrounded by a 2T solenoidal magnetic field, which causes charged
particles to bend. By measuring the radius of curvature, the transverse momentum,
pr, can be determined. The silicon pixel detector is composed of approximately 1,740
modules, each containing approximately 74,000 pixels (50 pm x 400 gum) which can be
read out individually. It thus provides extremely precise tracking. The SCT is the middle
component of the inner detector and resembles the Pixel detector, except it uses narrow
strips instead of pixels. The TRT consists of drift tubes, which are filled with ionizing
gas. In order to produce transition radiation, materials with differing refraction indices
are incorporated between the tubes. The resolution of the ATLAS tracking detector and

all other detector components is shown in Table 4.

3.2.3. Calorimeters

The calorimeters are positioned outside the solenoid magnet. Their function is to mea-
sure the deposited energy of incident particles. The calorimeter system consists of a

electromagnetic calorimeter (ECAL) and an outer hadronic calorimeter (HCAL). In
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ATLAS, both are sampling calorimeters, i.e. one material is responsible for developing
particle showers and another for detecting the signals. Energies of electrons and photons
are measured by the LAr ECAL barrel and end-cap calorimeters. It uses liquid argon as
sampling and lead as the absorbing material. The HCAL absorbs energy from particles
which interact strongly. In this calorimeter, steel is used as the absorber and plastic
scintillators as the active material. Note that there is not a clean split between EM in-
teractions in the ECAL and hadronic interactions in the HCAL. Both types of particles
shower in both calorimeters. However, EM showers are shorter and very narrow while
hadronic showers are much larger and very wide, so that shower shapes as well as the
energy split between the ECAL and the HCAL can be used to distinguish the showers.
Also note that the ECAL has a much higher precision in terms of measuring the energy

of the particles as well as the location where the energy was deposited (see Table 4).

3.2.4. Muon spectrometer

As muons are approximately 200 times heavier than electrons, they lose only little en-
ergy due to bremsstrahlung when traversing matter. The energy loss at GeV scales for
electrons and muons is primarily due to inelastic collisions with matter. This has a much
larger effect on electrons since they scatter off of other electrons. Muons, however, only
lose small amounts of energy per scatter due to their large mass. As a consequence,
the muons lose only small energies when travelling through matter and leak out of the
detector altogether. The muon chamber is thus furthest away from the interaction point
and the largest detector component: it starts at a radius of 4.25 m and extends to the
full 11 m radius of the ATLAS detector. The muon spectrometer consists of a series of
gas chambers which are filled with a gas mixture mostly containing argon and carbon
dioxide. Due to the interactions of the muons with the gas mixture, they produce a
track in the detector which is then converted into an electronic signal. It is embedded

in a system of toroidal magnets with a magnetic field of 0.5 T.

3.2.5. Trigger system

Another important component of the ATLAS detector is its trigger system. If the raw
data were recorded in entirety, it would fill disk space at a rate of approximately 600 Tbh/s
and thus exceed all current technical limitations in terms of data processing and storage.
Furthermore, only around 1 of 10 events is a promising event for finding rare particles

such as the Higgs boson or indications for SUSY. To solve this problem efficiently ATLAS
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Detector component Required resolution 7 coverage
Measurement Trigger
Tracking Opr/pT = 0.05% pr 1% +2.5
EM calorimetry o /E =10%/VE &0.7% +3.2 +2.5
Hadronic calorimetry (jets)
barrel and end-cap og/E = 50%/\/5@ 3% +3.2 +3.2
forward or/E =100%/VE©10% | 3.1<|n| <49 |3.1<|n|<4.9
Muon spectrometer Gy /pr=10% at pr = 1 TeV +2.7 +2.4

Tab. 4: General performance of the ATLAS detector showing the resolutions and coverage
angles of the various components. E and pr are in GeV. [36]

uses a multilevel trigger system, which decides which events to discard and which to save
permanently. It consists of a hardware-based Level-1 (L1) and a software-based high
level trigger (HLT) [37]. The L1 trigger decides with a latency of 2.5 us on which events
to discard permanently. In general, the L1 trigger scans for the presence of high pr
particles, more specifically, for the presence of high pr leptons, photons and neutrinos.
These might be decay products of heavy particles of interest. In addition, the L1 trigger
defines one or more Regions-of-Interest (Rol), where its selection process has identified
interesting features. The L1 trigger has an input data stream of 40 MHz and reduces
it to ~ 100kHz .
within the Rol and further reduce the event rate to ~1kHz.

The HLT selections use all the available reconstructed detector data
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4. Experimental methods

In the following chapter a short description of simulation methods in high energy physics
is provided. Furthermore, the production of MC samples for this analysis is described.

Jet reconstruction algorithms and further methods relevant to this analysis are outlined.

4.1. Simulation methods

Hard process

Hadronization
Underlying event
Unstable particle decays

V
Ny

U o e

N A
77 )

Fig. 15: Diagram showing the structure of a proton-proton collision, where the different
colours indicate the different stages involved in event generation. [38]

In particle physics, it is of the utmost importance to model the studied processes based
on theoretical predictions of the SM. These simulations are made with so-called Monte
Carlo (MC) event generators. The event generation of a proton-proton collision at the
LHC can be described by five main different steps as shown in Figure 15. Since most
processes that occur in the collision of two protons are not of main interest, not all
possible proton interactions are simulated. Instead, MC generators start by simulating
hard scatter processes which are related to high momentum transfers and thus likely to
generate events containing interesting features. This first step is easily implemented as
the probability amplitudes of hard processes can be calculated with perturbation theory.
At proton colliders with high centre-of-mass energies like the LHC, the collisions are not
between the protons themselves but between its constituents, e.g. gluons and quarks. To
take these into account, Parton Distribution Functions (PDFs), which describe the prob-

ability distribution of the momentum fraction that a parton carries inside of a proton,
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are used to simulate the hard scatter processes. In Figure 16, the parton distribution
functions, calculated with HERAPDF1.5 NNLO [39], are shown for a typical momentum
transfer region of @? = 10000 GeV at hadron colliders such as TEVATRON and the LHC.

H1 and ZEUS HERA I+II PDF Fit
xg (x 0.05) Q* = 10000 GeV?

xf

—— HERAPDF1.5 NNLO (prel.)

B exp. uncert.

model uncert.
parametrization uncert.

March 2011

2 . T S HERAPDF1.51 (prel.)

HERAPDF Structure Function Working Group

—

i 107 107 10!

Fig. 16: The parton distribution functions from HERAPDF1.5 NNLO at Q> =
10000 GeV, i.e. a region relevant for the hadron colliders TEVATRON and
LHC. The gluon and sea qurk distributions are scaled down by a factor 20. The
experimental, model and parametrisation uncertainties are shown separately.

[40]

After the hard scattering is calculated, parton showers are considered in a second step
(see Figure 15). As particles involved in the hard collisions are gluons and quarks, they
all carry colour charge. Similar to electrically charged particles that radiate photons
when accelerated (Bremsstrahlung) in QED, colour charged particles can radiate glu-
ons. The main difference is however that the gluons themselves radiate new gluons due
to self-coupling in QCD. This leads to aforementioned parton showers, that is, a sequence
of gluon radiation with ever decreasing momentum scales. At some point, perturbation
theory cannot be used to model this process and phenomenological hadronisation models
are required. In a fourth step, interactions apart from main hard scattering are simu-

lated. These include all secondary collisions between proton remnants and is known as
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underlying event. Many of the produced hadrons in the hadronisation process as well as
in the underlying event are unstable and rapidly decay. As depicted in Figure 15, this is
then simulated in a final fifth step. In addition to the pure event generation, a simulation
of the ATLAS detector response is needed to make a direct comparison of the measured
data with theoretical predictions. The simulation is performed with GEANT4 [41]. The
detector response can be simulated with two different methods: either a full simulation
or a fast simulation (AFII) can be performed [42]. In the full simulation, every aspect of
the detector is modelled and therefore yields an accurate result. However, a considerable
amount of computing time is needed. Thus, a fast simulation is often more feasible: it
focusses on the most important parts of the detector and provides less sophisticated
results but requires considerably less computation time. Whereas the inner detector is
modelled identically in AFII and full simulation, approximation methods are used to

simulate the electromagnetic and hadronic calorimeter response.

4.1.1. Signal simulation

In terms of the signal, a non-resonant and several samples for resonant di-Higgs produc-
tion in the hh — yyW W™ decay channel are simulated. For this, resonant mass points
in the range 260 GeV < mpy <3TeV are used. The detector response is simulated using
AFII in GEANT4. The hard scattering processes, i.e. the calculation of the matrix
elements is performed with the MADGRAPH5__AMC@NLO [43] event generator. For
the parton showering, hadronisation and underlying event, HERWIG++-[44] is used. As
for the parton distribuition functions, the CTEQ6L1 PDF [45] set with the UEEES
[46] tune was applied.
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Mass point mp [GeV] Events generated

non-resonant 970000
260 180000
300 199000
400 174000
500 179000
750 184000
1000 200000
1500 195000
2000 179000
2500 197000
3000 199000

Tab. 5: Non-resonant and resonant signal samples produced for several different values
of my

Table 5 shows the number of events generated for every sample. Assuming a cross section
of o =1pb, cross section times branching ratio yields o - BR(hh — vyWW™*) = 0.98 fb.
A full list of the sample names can be found in the appendix A.1.

4.1.2. Background simulation

To generate the background, only the most common SM background single Higgs bo-
son production h — vy MC samples were considered. These include the Higgs-boson
production modes gluon-gluon fusion (ggF'), vector boson fusion (VBF), WH/ZH (Hig-
gsstrahlung) and ttH (associated top pair production) as described in section 2.1.5. The
matrix elements for ggF and VBF are calculated using POWHEG [47], whereas PYTHIA8
[48] is used to model hadronisation, showering and the underlying event. The CT10
[49] PDF set with tune AZNLOCTEQG6L1 [50] is used. For ZH and WH, the Pythia8
generator and the NNPDF23LO [51] PDF set with the AIANNPDF23LO [52] tune
applied is used. The matrix element calculations for the ttH sample are done with
the MADGRAPHS AMCQNLO [43] event generator and HERWIG++ [44] is used for
hadronisation, parton showering and underlying event calculations. In terms of par-
ton distribution functions, the CTEQ6L1 PDF [45] set with the UEEE5 [46] tune is

utilised.
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Channel Events generated o - BR(h — vv) [fb]

ggF 1930000 110.1
VBF 174000 8.6
WH 246200 3.1
ZH 247800 2.0
ttH 927400 1.2

Tab. 6: Background SM h — v samples

Table 6 shows the number of events generated for every background sample and cross

section times branching ratio o - BR(h — 7). A full list of the background sample

names can be found in the appendix A.1.

4.1.3. Monte Carlo weighting

It is not possible to simulate every aspect from the collision to the detector response.

Therefore, different weights are applied on the MC data to fit the collected collision data

of the ATLAS experiment. The following weights are applied:

(i)

4.2.

A weight to account for NNLO effects and beyond is applied by the MC generator
itself.

MC generators are usually designed before the actual data-taking and as a conse-
quence can only make an estimate of the pileup. The actual pileup contributions
may look different, wherefore a reweighting is applied such that the pileup profile
in MC is adjusted to the data.

A vertex weight is applied to correct for mismodelling of the z position of the

vertex.

A photon and a lepton scale factor is applied to correct for mismodelling of the

reconstructed objects.

A b-tag scale factor corrects mismodelling of the b-tag algorithm, specifically ad-
justing differences in b-tagging efficiency between data and MC.

Hadronic jet reconstruction

As discussed in section 2.1.2, unbound partons are not colourless and hadronise as a

consequence of confinement. They form bound states which then become visible in the
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Fig. 17: A cartoon of an event showing the point of collision, the fragmentation and
hadronisation of the quarks and gluons and the resulting jet found through
the detection of the stable particles. Calojets are those jets created using the
calorimeter output whereas Genjets are jets created using stable simulated par-
ticles. The dashed line represents the direction of the missing energy. [53]

detector as a collimated spray of hadrons. In order to gain insight into kinematics of
the originating parton, it is useful to group all particles coming from the same source to
a single object, known as a jet (see Figure 17). Jets form the link between theoretical
modelling at the most fundamental level and the observable particles in the detector. It

is therefore important to use sophisticated algorithms for jet reconstruction.

4.2.1. Jet reconstruction algorithms

A great variety of jet reconstruction algorithms exist. Notwithstanding that all jet
algorithms have advantages and disadvantages, there is a broad consensus on the re-
quirements for such algorithms. Apart from requiring a feasible implementation of the
algorithm, i.e. it should be simple to implement in an experimental analysis and in
the theoretical calculation, jet algorithms should be infrared and collinear (IRC) safe.
Infrared safety means that additional soft particles, should not significantly change the
output of the jet algorithm. An infrared unsafe algorithm is therefore sensitive to un-
derlying event and pile-up activity. Collinear safety means that a splitting of a high-pr
particle into two collinear particles should not change the outcome of the algorithm.

Both scenarios are illustrated in Figure 18. Another important aspect to consider is the
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Fig. 18: Illustration of the infrared sensitivity of a cursory designed jet algorithm (top).
Tllustration of the product of a collinear unsafe jet algorithm. A collinear split-
ting changes the number of jets (bottom). [54]

size of the jet. The size of a jet can parametrized through the jet radius R, a parameter
of the algorithm that determines its angular reach. Note that the jet radius does not
correspond to its geometrical radius, as the algorithms do not necessarily lead to perfect
cones. A large jet radius helps to collect all hadrons and thus yields more precise calcu-
lations of the jets mass and energy. Nevertheless, a smaller radius helps to reduce the
inclusion of pile-up and underlying event contributions in the calculations and therefore
prevents an overestimation of the jets energy and mass. At the present day, two main
classes of jet algorithms are in use. The first class of jet algorithms are known as cone
algorithms and assume that all hadronised particles originating from the initial parton
will show up in a conical region in the detector. Cone algorithms are generally IRC
unsafe. The second class of algorithms are known as sequential jet clustering algorithms
and include the Cambridge-Aachen [55] algorithm as well as the k; [56] and Anti-k; [57]
algorithm. Together they are known as the generalized k; algorithm. Cone algorithms
were preferred by experimentalists in the past, as they are simple to implement and
fast in terms of processing time. However, since the introduction of the FASTJET [58]
program, sequential jet clustering algorithms gained considerable computational perfor-
mance and are now used extensively as they provides the benefit of being infrared and

collinear safe. In the following the generalized k; algorithm is discussed in detail. In
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general, the k; algorithm family can use various sources of information such as charged
particle tracks from the tracking detectors, energy clusters from the calorimeters or
truth hadrons. In this analysis only information based on the calorimeters was consid-
ered as input (LCTopo clusters). The algorithm begins by creating a list of proto-jets

and calculating the distance

AR2.
. 2 2 1]
dij = min <pT],]ivaI,)j) 72 (14)
between every pair of proto-jets ¢ and j and the distance
_ 2P
di,B = Pp; (15)

between each proto-jet i and the Beam B. pr; is the transverse momentum of the cluster
i. The quantity AR?j = (y;i — yj)* + (¢ — ¢;)? is a measure of the angular separation
between the two proto-jets and y = % In (%ﬁi

the type of algorithm. A value p = 41 corresponds to the k; algorithm, p = 0 to the

) is the rapidity. The parameter p defines

Cambride-Aachen algorithm and p = —1 to the Anti-k; algorithm, which is used in
this analysis. The algorithms then finds the minimum of the pairs of proto-jets. If the
minimal distance is between two proto-jets, both objects are merged and the individual
clusters removed from the list. If the minimal value is d; g, the proto-jet ¢ is removed
from the list and called a jet. The procedure is then repeated until no proto-jets are left.
Even though all methods are valid, their results differ substantially.

A comparison between the k; algorithms and the cone algorithm SISCone [59] is shown in
Figure 19. From equation 14, it can be inferred that the k; algorithm first combines soft
particles, whereas the Anti-k; algorithm initially clusters the highest energy depositions.
As can be seen from Figure 19, the Anti-k; yields the best jet shape. As it starts
reconstruction from high-pr particles it is also less sensitive to pile-up and underlying

event contributions.
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Fig. 19: Jet reconstruction using the k;, Anti-k;, Cambridge-Aachen and the cone al-
gorithm SISCone. Engergy depositions are depicted in the y-¢ plane and the
respective transverse momentum pr is shown on the z-axis. The same Monte-
Carlo event is used. [54]

4.2.2. Large radius jets

The angular separation between two objects in the lab frame resulting from a two body

decay can be approximated to be
AR~ —, (16)

for negligible masses of the decay products. Here, m is the mass and pp the transverse
momentum of the mother particle. For instance, a hadronically decaying W boson
originating from a SM Higgs boson will lead to an angular separation AR == 0.4 of the
two quarks, assuming a transverse momentum pr = 400 GeV of the W boson. At ATLAS,
usually a jet radius of R = 0.4 for Anti-k; jets is used. This approach aims to resolve
individual jets resulting from single partons originating from high-pr particles which

are likely produced from relatively heavy particles like the SM Higgs boson. However,
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particles that originate from even heavier resonances will have even higher transverse
momentum and therefore will be closer to each other in the lab frame, so the that highly

boosted topologies cannot be resolved using one Anti-k;(R = 0.4) jet for each parton.

4.2.3. Calibration and grooming procedures
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Fig. 20: Schematic depiction of the grooming method known as trimming algorithm.

Subjets within a seed jet are discarded if the ratio between the transverse mo-
mentum p%. of the subjet i and the transverse momentum p’ t of the associated

seed jet is smaller than a fixed cut value f.,;. The remaining jet is known as
trimmed jet. [60]

Jet reconstruction algorithms are generally not experiment-specific and therefore do not
account for several effects which are unique to a certain experiment. For instance, the
ATLAS detector mostly uses sampling calorimeters (see section 3.2.3) and thus not all of
the energy is deposited in the active medium. This will lead to an underestimation of
the deposited energy. Also, the finite detector size as well as further effects regarding the
detector design also alter the jet related measurements. To correct for these effects, an
energy calibration is necessary. To achieve this, the reconstructed jet energy is compared
to Monte-Carlo data and then scaled correspondingly. This is mostly done by studying
+ jets events, as the photon side can be measured with high precision and the information
on the jet side extracted via momentum conservation. The jet mass is calibrated using

well known mass distributions such as for top quarks and W bosons [61].

As mentioned in section 4.2.1, large radius jets are susceptible to considerably more
amount of pile-up and underlying event contributions compared to small radius jets.
To reduce this effect, several so-called jet grooming [62] techniques are available. All
grooming methods seek to remove soft objects from pile-up or underlying event contribu-

tions and considerably improve the jet reconstruction. Similar to the jet reconstruction
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algorithms, there are a few algorithms available with their own advantages and disadvan-
tages, the most importants being the mass-drop filtering [63], trimming [60] and pruning
[64] algorithms. Throughout this analysis trimming is used. A schematic depiction of the
trimming algorithm is shown in Figure 20. In a first step, jets are clustered as usual, in
this case with the Anti-k; algorithm. The resulting jets are known as seed jets. Then the
constituents within each seed jet are re-clustered using a smaller parameter R = Rgup. A
subjet of the corresponding seed jet is then discarded if the ratio between the transverse
momentum piT of the subjet ¢ and the transverse momentum pZF b of the associated seed
jet is smaller than a fixed cut value f.,;. The remaining subjets are then merged and the
output is known as trimmed jet. In this analysis the values f.,; = 0.05 and Ry, = 0.2
are used. For small radius jets, no grooming is applied and a different approach known
as JetVertexTagger [65] is used to suppress jets that are largely made from particles from

pileup.

4.2.4. Jet substructure

As the highly boosted jets cannot be resolved individually, it is necessary to find alter-
native methods to extract information about the original parton. One possibility is to
consider so-called jet substructure variables which provide insight in the jet shape and
energy distributions. Substructure variables are designed to allow for discrimination of
signal and background processes, each having their own advantages and disadvantages.
A powerful variable is denoted N-subjettiness 7 [66]. First, N subjets are generated

within the jet of interest. N-subjettiness is then defined as

> primin (AR |k = 1,...,N)

i
TN = 5 ].7
> pri Ro (17)
=

where the summation is over all jet constituents ¢ of the jet J. 7y is a measure of how
well a jet J can be considered as containing N subjets. Note that 7y calculates a pr
weighted average distance between each constituent and the nearest of the IV subjets.
Therefore, low values 7n indicate good compatibility with an N-subjet hypothesis. As
soon as an incompatible constituent is grouped to a subjet, the IN-subjettiness rises

sharply. As a consequence, 7ny_1 should be much smaller than 7 if the jet consists of

N subjets. This is also the reason why mostly ratios 7y y—1 = T;A_’ - are studied when

N-subjettiness is used. Example distributions of 751 and 732 for Anti-ki(R = 1.0) jets
with 300 < ppr < 400 GeV are shown in Figure 21.



4. Experimental methods 34

8 F LA L L A B N B g r 1T T
2 gooof. —e— 2010 Data,j L=35pb" ATLAS 1 2 12000 __ 2010 Data, _[ L =35pb” ATLAS
] C 4 2 C ]
© r 1 o )
ro_ i 4 =10000— ____ pythi —
- 5000/ Pythia = - ythia ]
E oo Herwig++ ] 8000 ------ Herwig++ g ]
4000 - - ]
F 3 000 | e -
3000; E [ anti-k R=1.0jets ]
C 1 r 300 <p_<400 GeV B
- 3 4000~ T -
2000F— E F Ney=tlyl<2 ]
F anti-k, R=1.0 jets 7 L ]
1000 300<p <400GeV == 3 2000— . —
C Ney =1, ly] <2 B [ = b
Le — o8- —¢—2
1.8¢ 5 1.8¢ ‘
£ 16E 4 g 16
Q14 e E O 14F
o2 :; ) 121;
=085 | 5 = o8k e -
0.6 3 0.6 e 3
0.4 E 0.4c geehal 3
0% 02 04 06 08 d T2 9% 03~ "04 06 08 7 T2
N-subjettiness 7., N-subjettiness T,,

Fig. 21: Distributions of 79; and 732 for Anti-k;(R = 1.0) jets with 300 < pr < 400 GeV.
[67]

Another set of interesting variables are the so-called energy correlation functions [68]

B

N N—-1 N
ECF (N,8) = > (Hpna> IT II Rii.| - (18)

11<12<...<iny€J \a=1 b=1 c=b+1

where the sum runs over all constituents of a jet JJ and R?j = (y; —yj)2 + (s — gbj)z is the
angular separation as usual. ECFs only use information about the energies and angles of
particles within a jet and do not require subjet finding procedures unlike N-subjettiness.
However, they yield similar discrimination power as methods involving subjet creation.
The parameter § is an arbitrary positive constant and tuned to provide the highest

discriminating power. One defines the dimensionless ratio

(¢ _ ECF(N +1,5)

"N T TRECF(N, ) (19)

as it behaves similarly to 7: in the case that the jet indeed consists of N jets, ECF(N +
1, 5) should be much larger than ECF (N, 3). In analogy to 7n y—1, studies have shown
that

@ _ %) _ ECFy1 x ECFy_y

C =
Mo ECF%

(20)
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as well as
. ECFN_H X ECFN_l X ECF{V

ECF%,

Dy (21)

are potentially highly discriminating variables.

4.2.5. Track-assisted jet mass

The mass of a jet J reconstructed in a calorimeter is defined as

2 2
= () - (5

where the sum goes over all cluster constituent ¢ of the Jet. However, jets solely based on

the calorimeters, only provide small information on the origin of the particles. Therefore,
an association between calorimeter clusters and particle tracks is performed. In this
thesis a procedure known as ghost-matching [69] is applied. The pr of the tracks is first
scaled down by a factor in the order of O(1071%9). The tracks are then added to the
input list of the corresponding jet algorithm. The scaling ensures that the reconstruction
of the jet is not distorted by the addition of tracks. After the procedure, an association

of tracks with jet clusters is possible. The so-called track-assisted jet mass is given by

l
mTA_ p%l .y track (23)

— track ’

br

where ptff“k’ is the total transverse momentum and my,.q.; the invariant mass of the total

four-vector of the associated tracks. One further motivation why the track-assisted mass

T

is preferred over mc@ is because mT4 is less sensitive to the type of simulation that is

performed, i.e. AFII or FullSim.
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5. Analysis Strategy

In this section, the analysis strategy is presented. The hh — yyW W™ decay channel is
motivated and the different topologies of the channel outlined. Furthermore, the object

definition, the event selection and an overlap procedure are described.

5.1. The hh — yyWW?* decay channel and boosted event topology

Fig. 22: Di-Higgs production in a proton-proton collision. One Higgs boson decays into
two photons and the other one into a pair of W bosons, which then decay
hadronically.

In the hh — yyWW?* decay channel, one Higgs boson decays into two photons and
the other one to a pair of W bosons. Only those cases where the W boson decays
hadronically as shown in Figure 22 are considered. The channel provides a high resolution
and clean signal of the h — v decay and on the other hand a high branching ratio for
the h - WW?™ process. The branching ratio of the hadronically decaying W boson is
around 67 % and thus more common than the leptonic decays. A promising approach
for finding new physics such as the H — hh decay, is the study of boosted topologies.
Heavier resonances result in higher Higgs boson pr, such that the decay products, in this
case the SM Higgs bosons, are Lorentz boosted. As a consequence, the decay products
will be closer to each other in the lab frame. Often, the resulting jets cannot be resolved
using common jet algorithms. In order to study those boosted topologies two different
approaches can be taken: either all four quarks can be reconstructed in one large radius
jet, known as fully boosted topology, or each pair of partons can be reconstructed as one
large jet, known as partially boosted topology. In addition, it is also possible to use a

combination of both topologies.
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Fig. 23: Sketch of the different topologies of the process hh — WhoqW}, ;. (a) All partons
are resolved with small radius jets. (b) The parton pairs surging from the decay
of one W boson are reconstructed with one jet each. (c¢) All partons from the
initial Higgs-boson are reconstructed in one large radius jet.

A sketch of the different topologies is shown in Figure 23. Note that even though a fully
resolved event is very unlikely with Anti-k;(R = 1.0) jets, the partially boosted case is
not negligible. As a consequence, this analysis was chosen to be inclusive by requiring

at least one large radius jet with R = 1.0.

5.2. Object definition

The identification (ID) of observable particles using the output signal from the detector
is not always trivial. A number of requirements are set to ensure that the considered
objects correspond to the actual physical particles. Stringent requirements lead to less
background but also discard objects which correspond to the physical particle of inter-
est. Looser requirements are more likely to misidentify objects, but can provide more
statistics for the analysis. In the following, each object is defined and how they are

reconstructed is described.

5.2.1. Photons

Two possibilities for photon reconstruction exist. The photon is known as converted if

it decays into an electron-positron pair v — eTe~ before reaching the electromagnetic
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calorimeter. In this case the tracks associated to the electron-positron pair production
in the inner detector can be matched to the energy depositions in the EM calorimeter
surging from the electron and positron. Unconverted photons traverse the inner detector
without decaying and directly shower in the EM calorimeter, leaving no tracks in the
inner detector. In this analysis the optimisation was performed using 'Loose’ and "Tight’
[70] photon identification criteria. Whereas "Loose’ provides an expected efficiency of
~98 %, 'Tight’ is expected to deliver an efficiency of ~89%. In combination with the
'Tight’ criteria, the isolation working point 'FixedCutLoose’ [70] is used. Only photons
with || < 2.37 and |n| ¢ {1.37,1.52} are considered as other regions do not provide
enough or no sensitivity for photon reconstruction. Note that the exclusion of 1.37 <
n < 1.52 is due to the transition between the barrel and end-cap calorimeters. An
additional pr > 25 GeV threshold for photons is in place due to poor reconstruction

efficiencies of low-pr photons.

5.2.2. Leptons

Electrons are also reconstructed by matching tracks in the inner detector to energy
depositions in the electromagnetic calorimeter. In this analysis, the electron ID "Medium’
[71] with an expected efficiency of ~90 % and the isolation working point 'Loose’ [71]
are used. Only electrons with |n| < 2.47 and |n| ¢ {1.37,1.52} are considered, as tracks
can only be reconstructed in a region |n| < 2.47. An additional py > 10 GeV threshold

for electrons is in place due to poor reconstruction efficiencies of low-pp electrons.

Muon are first reconstructed independently in the muon calorimeter and in the inner de-
tector. The tracks are then merged together to complete the reconstruction. The muons
are identified using the 'Medium’ particle ID and the isolation criterion 'GradientLoose’
[72]. An efficiency of over 95% is reached. Only muons with |n| < 2.7 and pp > 10 GeV

are considered.

5.2.3. Jets

For the scope of this analysis, Anti-k;(R = 1.0) jets are used. As only the boosted
topology is considered, additional thresholds |n| < 2 and pr > 200 GeV are in place.
As mentioned in section 4.2.3, a jet grooming technique known as trimming is applied
with the parameters f.,; = 0.005 and Rg,, = 0.2. Anti-k;(R=0.4) jets are used in the
overlap removal described in section 5.3. No grooming procedure is applied for small

radius jets, but the JetVertexTagger with JVT < 0.59 is used. Further requirements
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for small radius jets are pr > 25GeV and |n| < 4.4. Jets resulting from b quarks are
identified using b-tagging. For this scope the tagger MV2c10 [73] with an approximate
tagging efficiency of 77 % is used.

5.3. Overlap removal

As the reconstruction algorithms for photons, leptons and jets are independent of each
other at the ATLAS experiment, it is possible that one object, i.e. a set of tracks and
energy clusters, is associated with more than one physical particle. To account for this
effect, a so-called overlap removal is applied. The procedure aims to discard overlapping
objects in order to only keep objects that are unambiguously associated with the physical

particles. The following procedure was applied:

(i) Electrons are discarded if AR, < 0.4 for any photon, aiming to remove electrons

which are faked by photons.

(ii) Anti-ki(R = 0.4) jets are discarded if AR, < 0.4 for any photon, aiming to remove
small radius jets faked by photons.

(iii) Anti-k((R = 0.4) jets are discarded if AR, < 0.2 for any electron, aiming to

remove small radius jets faked by electrons.

(iv) Leptons are discarded if AR;; < min (0.4, 0.04 + %) for any small radius jet,
aiming to remove soft leptons that arise from the decay of hadrons in hadronic

showers. Only boosted leptons are kept.

(v) Muons are discarded if AR, 4 < 0.4 for any photon, aiming to remove muons which

are faked by photons.

(vi) Anti-k(R = 1.0) jets are discarded if AR; - < 1.0 for any photon, aiming to remove
large radius jets faked by photons.

(vii) Anti-k;(R = 1.0) jets are discarded if m%}4 < 15 GeV, aiming to remove large radius
jets faked by electrons.

Note that even though this analysis focuses on the topology of hadronically decaying W
bosons (see section 5.1), boosted leptons are kept in (iv) to ensure compatibility with

possible future semileptonic studies.
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5.4.

Event selection

Only events satisfying the following selection criteria, hereafter referred to as preselec-

tion,

(i)

(iii)

are considered in the analysis:

Only events passing a series of data quality checks, namely fulfilling a so-called
Good Runs List criterion (GRL) are considered. The GRL ensures that the data

is taken in stable beam conditions, with well functioning magnets and detectors.

Only events containing exactly two photons are passed. Furthermore, the photons
must fulfill a relative pr cut, i.e % > 0.35 and % > 0.25 for pry, > prys- A
trigger match criterion ensures that the two photons were registered by the trig-
ger and helps to prevent misidentification. For the loose preselection, no photon
isolation is required and the identification criterion 'Loose’ discussed in section 5.2
is used. In terms of the tight preselection, the isolation working point 'FixedCut-

Loose’ and the photon ID 'Tight’ is in place.

Only events in the region 94.49 GeV < m., < 162.49 GeV of the invariant mass
spectrum of the diphoton system are considered. This mass region is in the fol-
lowing referred to as fit range (see section 5.5). The interval 125.05 £ 3.4 GeV is
defined as Higgs mass window and corresponds to mj, &+ 20, where o, is the m.,
resolution. Events are required to be inside the Higgs mass window or outside,

hereafter referred to as sideband or control region.

Only events containing at least one Anti-k;(R = 1.0) jet with || < 2 and pr >
200 GeV pass the preselection. As higher jet multiplicities are allowed, an inclusive

analysis is performed.

Events containing a lepton, i.e. an electron or muon, are discarded. Furthermore,

a vetoe on b-jets is in place.
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5.5. Data-driven background estimation
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Fig. 24: Invariant mass spectrum m., of the diphoton system, where the signal region
is blindend. An exponential fit is performed through the sidebands.

For the optimisation the signal yield s and the background yield b are required (see sec-
tion 6). As it is not feasible to simulate all processes that contribute to the background,
only the most common SM single-Higgs boson production background processes were
simulated using MC samples. Therefore, a data-driven method is additionally used in
this thesis for background estimation. For this, the decay h — vy was chosen, as it pro-
vides the highest resolution. As the signal is expected to appear in the diphoton mass
spectrum around m., ~ my, the Higgs mass window introduced in section 5.4 is defined
to be the signal region. To estimate the continuous background, the signal region was
blinded and a fit is performed through the sideband regions. Because the diphoton mass
spectrum is expected to yield a smooth, continuous spectrum, a first order exponential

fit function
f(myy) = exp(a+b-myy) (24)

is used. The integral of the fit function within the signal region then corresponds to
the estimated continuous background yield N,,. The invariant mass spectrum with the
sideband fit for the loose and tight preselection is shown in Figure 24. Note that it is
assumed that the exponential form of the m.,, spectrum is largely independent of the

applied cuts in the optimisation in section 6.

If [h4, h_] denotes the Higgs mass window, then the continuous background is estimated

with
h+
Nyy = . f(myy) dmy,. (25)
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The error can be calculated using the error propagation formula and yields

1 2N.
ONyy = \/NWZW o2+ b [F (h4yhe) = Nol - 07 + bw [F (hy he) = Noyw - 02, (26)

where F' (hy,h_) = hy f(hy) —h_f(h_) and o4 denotes the uncertainty on the covari-

ance between a and b.
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6. Optimisation

The optimisation in this thesis was performed by tuning the selection criteria to maximize

the Cowan significance [74]

E:\/Q-((s+b)ln<1+z>—s> <t E:\/;ﬂ (27)

Here, s denotes the signal yield from the MC signal and b the total background yield,

which is constituted by the sum of the MC background and the continuous background

estimation. The corresponding error is given by

@:J;. n(e3) o]+ [(n(143) - 3) o]

: (28)

where o is the error on the signal yield and o}, = \/ 0]2\,99 ~t U?vaf + UJQVM + O'JQth + U?Vzh + 0']2\,W
the uncertainty on the total background yield. To maximize the significance, the sep-
aration power of potentially high discriminating variables was studied. The following

variables were considered:

(a) Kinematic variables

(i) Transverse momentum pr - of the diphoton system, pr ; of the jet and the

ratio 2021,

pT,J

(ii) The angular separation AR~ of both photons as well as variables related to
the angular separation of the jet and the diphoton system, i.e. Ay j, Any s

and AR, ;.

(iii) The track assisted mass of the jet, in the following simply denoted as m ;.

(b) Substructure variables
(i) The N-subjettiness variables 791, 731, 732, T41, T42 and 743.

(ii) The energy correlation function related variables C, Ca, C3, Cy and Dy, Do,
D3, Dy.

The optimisation is performed using the mpy = 750 GeV sample and later applied to all
other resonant mass points as well as to the non-resonant sample. Typically, resolved
analysis are relevant up to masses of 500 GeV. By optimising on the 750 GeV sample, it
is aimed to ensure that the cuts which are then applied to higher resonance masses are

looser and do not cut away too much signal. For the non-resonant sample, the predicted
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SM cross section was assumed. For the resonant samples, a cross section of 1pb was
assumed, as no theoretical predictions exist and the cross-section has not been excluded
in Run I. To maximize the significance, four hard cuts in the loose and three hard cuts on
the tight selection were applied. In this context, hard cuts are cuts on values which yield
significances very near to the maximum. As the variables are not independent of each
other, previous optimal cuts can change after cutting on further variables. To account for
this, the cuts were re-optimised after all iterations, i.e. the first variable is re-optimised
with all other cuts set, then the second variable is re-optimised with the new value of the
first variable and the other cuts unchanged and so forth. This ensures that the calculated
maximum significance is near to the true maximum value. Note that only the gluon-
gluon fusion background process from the single h — ~+ SM background is depicted in
the following distribution plots. As it is the main single Higgs boson SM background
contribution, the other processes would not significantly distort the distributions. For
the distribution of the continuous background, it is assumed that the sidebands can be
used to interpolate into the signal region, i.e. the shapes in the sidebands are largely
independent of m.,. The validity of this assumption has been confirmed in previous
studies [75]. Note that the significance is not calculated if Ny, = 0 or Ny = 0 and

Ny, =0oron, /Ny > 0.5 as a cut becomes unreasonable.

6.1. Loose photon selection

Iteration 1
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Fig. 25: Normalized distribution of the  Fig. 26: Significance as a function of a cut
transverse momentum pr .~ of the pT~~ > X after the loose preselec-

diphoton system after the loose pre- tion.
selection.
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Not surprisingly, the transverse momentum of the diphoton system pr .- provides the
best separation power in the first iteration. As the resonant mass point results in higher
photon pr compared to single Higgs production modes and continuous background, a
good background suppression can be reached (see Figure 25). As can be seen from Figure
26, the best significance was achieved for a cut pr,, > 275 GeV. The SM background
was reduced by approximately 57% from 39.20 to 17.36 events, whereas the expected
continuous background was reduced by 86% from 5129.76 to 584.59 events and around

21% of the signal events were lost. The significance increased from 0.05 to 0.12.

Iteration 2
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Fig. 28: Significance as a function of a cut

In the second iteration, C7 was the best candidate.

bution is shifted to higher values, peaking around C}

tended to peak for lower values around 0.03 (see Figure 27).

C1 > X after the loose preselection
and pr~, > 275 GeV.

Whereas the signal sample distri-
~ 0.17, the background samples

The highest increase in

significance was observed for C7 > 0.1 by approximately 41% to 0.17 (see Figure 28).
The SM Higgs contributions was reduced from 17.36 events to 5.18 events by 70%. The
continuous background was reduced by 67% and the signal was decreased from 3.02 to

2.35 events by approximately 22%.
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Iteration 3
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Fig. 29: Normalized distribution of An,, ;  Fig. 30: Significance as a function of a cut
after the loose preselection, pr - > Any., ;7 < X after the loose preselec-
275GeV and Cp > 0.1. tion, pr -, > 275GeV and C7 > 0.1.

In the third iteration, An,, ; was the most promising cut variable. Even though both
distributions peak at A7, 5 s = 0 and overlap considerably, the background distributions
seem to be flatter, whereas the signal sample shows a steeper distribution (see Figure
29). This allows a good separation with the highest significance for a cut An,, ; < 1.4
(see Figure 30). Only approximately 5.5% of the signal was discarded, whereas 36% of
the continuous and 13% of the SM Higgs background was rejected. The significance was
increased by 15% to 0.20.
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Iteration 4

2 022 T T T T T T T T T T W Q45T T T T T T T T T T T T
5 02F ATLAS WorkIn Progress —m,, sidebands 0.4 ATLAS Work In Progress =
E 1 E AE 4 =
2 g1gf V5=13TeV, [Ldt=36.11b o rscey  Vs=13Tev, [Ldt=36.11b ]
S 0.18f " = = E
@ E ) B 0.35 =
S 0.16p oo E E E
E oub 3 03 3
S o012 N = 0.25F -
0.1 e E 02F o s
= LT I — = E -- 7
008 gt E 0.15F - E
0.06]- ‘ _|_‘H‘ i+ E E - E
= +:|: -l + E 0.1~ =
0.045 =+ 4+t g - ]
0.02 4 '—'—___- +—% 0.05 -- —
E -t e E e E
o ool RN R SN BN BN rarion = o) T I =i Y E A A I B B

0 20 40 60 80 100 120 140 160 180 200 0O 20 40 60 80 100 120 140 160 180 200
Myet Myer <

Fig. 31: Normalized distribution of mj; af-  Fig. 32: Significance as a function of a cut

ter the loose preselection, pr ., > my < X after the loose preselec-
275GeV, C1 > 0.1 and An,, 5 < tion, pr ., > 275 GeV, C7 > 0.1 and
1.4. Anyy, g < 1.4.

In the last iteration the track assisted mass of the jet could provide the best separation
power. As can be seen from Figure 31, the sideband events are more evenly distributed
and surprisingly there are significantly more background events in the high mass region
than signal events. A maximum significance was achieved for m; < 150 GeV (see Figure
32), reducing the signal yield from 2.22 to 2.09 by approximately 6%, the continuous
background by 36% and the SM Higgs background by 13%.

Further cuts could only marginally improve the significance and would lead to non-
continuous significance curves. As this is a sign that statistical fluctuations affect the
significance calculations, no additional cuts were implemented. As mentioned before,
a iterative re-optimisation was performed and the highest significance was achieved for
PTHy > 300GeV, C1 > 0.14, An,yy; < 1.2 and my; < 136 GeV. As a consequence,
all cuts were tightened and a maximal significance of 0.25 achieved. Through the re-
optimisation additional 78% of the continuous background and further 72% of the SM
Higgs background where rejected, while losing approximately 44% of the signal events.
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Iteration Cut Ny Ny Niig Yimaz
0 none 5129.76 +£24.31 39.20+£8.14 3.814+0.03 0.05+£8.9-107°
1 DTy > 275 GeV 584.59 +8.14 17.364+0.21 3.02+£0.02 0.124+4.4-107*
2 C;>0.1 191.50 4+ 4.66 5.184+0.11 2.35+0.02 0.17+1.0-1073
3 Anyy g < 14 122124372 3.66+0.09 2.22+0.02 020+1.5-1073
4 my < 150 GeV 89.72+£3.19 3.17+£0.08 2.0940.02 022+1.9-1073
Final 20.14+£1.51 0.89£0.05 1174001 025+£4.7-1073

Tab. 7: Summary of the relevant values after each iteration for the loose preselection.

Summarising, the continuous background was reduced from 5129.76 to 20.14 events by
99.6%, whereas the SM Higgs background was reduced from 39.20 to 0.89 events by

97.7%.

Therefore, a total background rejection of 99.59% was accomplished. From

3.81 initial signal events, 1.17 events remain after the optimisation, corresponding to a

signal loss of 69.29%. A maximal significance of 0.252 + 0.005 in the loose selection was

achieved. A summary of the relevant values after each iteration and of the final selection

is shown in Table 7.

6.2. Tight photon selection
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Fig. 34: Significance as a function of a cut
PT~y > X after the tight preselec-
tion.

As for the loose selection, pr - provided the best separation power in the first iteration

(see Figure 33). The best cut value is pr~ > 300 GeV and rejects 91% of the continuous

and 64% of single Higgs boson SM background by discarding 31% of the signal events.
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The significance was increased from an initial value of 0.22 to 0.42 by almost 91% (see

Figure

34).
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In the second iteration, the N-subjettiness variable 745 could provide the best separation

power. As one can see from Figure 35, the distributions for the m,, sidebands and the

ggF sample are shifted to the right. Whereas the background distributions are peaking

around 0.65, the signal sample has its maximum for lower values around 0.38. The

significance was maximized by 50% to a value of 0.63 for a cut 749 < 0.475 (see Figure

36). The continuous and single Higgs boson background were rejected by approximately

87% and 81% respectively, while also discarding 0.98 signal events corresponding to a

approximate 40% percentage decrease.
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Iteration 3
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300 GeV and 742 < 0.475. PTH~y > 300 GeV and 142 < 0.475.

For the last iteration in the tight selection, the substructure variable C; again led to the
maximal increase in significance. One can see from Figure 37, that the uncertainties on
the distributions increase significantly due to low statistics. However, the significance
curve in Figure 38 remains smooth, wherefore it was opted for a further loose C; > 0.08
cut. Approximately 44% of the continuous and 40% of the single Higgs boson SM
background are rejected, while discarding only 8% of the signal events. Consequently,

the significance increases by 17% to 0.74.

The final re-optimisation led to a looser pr,, > 275GeV cut, while the other cuts
remained identical. The continuous background increased from 1.61 events to 1.76 by
9.3%, the SM background increased by 27.7% from 1.26 events to 1.61. However, the
signal events also increased by 17% from 1.34 to 1.57 events, leading to a final significance
of 0.8. Due to increasing statistical fluctuations, further cuts were not feasible. Also,

the fit quality for the continuous background estimation would decline significantly.

Iteration Cut Ny Ny Niig Yimaz
0 none 241.69+5.24 32.954+0.29 3.58+0.03 0.224+1.2-1073
1 DTy > 300GeV 2090 +£1.52 11.86+£0.18 244+£0.02 042+6.7- 1073
2 T4 < 0.475 2.67+0.55 2244007 1464+0.02 0.63+2.6-1072
3 C1 > 0.08 1.61 £0.57 1.26£0.05 1.344+0.02 0.74+5.6-1072
Final 1.76 £0.47 1.61£0.06 1.574+0.02 0.80=+£4.5-10"2

Tab. 8: Summary of the relevant values after each iteration for the tight preselection.
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Summarising, the continuous background was reduced from 241.69 to 1.76 events by
99.3%, whereas the single Higgs boson background was reduced from 32.95 to 1.61 events
by 95.1%. Therefore, a total background rejection of 98.8% was accomplished. From
3.58 initial signal events, 1.57 events remain after the optimisation, corresponding to a
signal loss of 56.1%. A maximal significance of 0.799 £ 0.045 in the tight selection was
achieved. A summary of the relevant values after each iteration and of the final selection

is shown in Table 8.

6.3. Continuous background estimation
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Fig. 39: Sideband fit for the invariant mass spectrum m. of the diphoton system with
all corresponding cuts described in section 6 applied.

The final exponential fits for the loose and tight preselection are shown in Figure 39. To

investigate the quality of the fit, it is useful to calculate

n
Z (O; — E (29)
i=1

where O; is the observed number of events in bin i and FE; the expected number of

events in bin ¢ based on the fit. The goodness of the fit can be estimated by studying

the reduced x? ratio x2/NDf, where NDf denotes the number of degrees of freedom.

A reduced x? value around one indicates a good fit quality [76]. In Table 9 and 10 the

parameters of the fits and the reduced x? are listed after each optimisation iteration for

the loose and tight selection respectively.
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Iteration Cut a b red. x?
0 none 10.88 £0.03 —0.019 £ 0.001 1.09

1 DTy > 275GeV  7.89£0.09 —0.01240.001 0.40

2 Cp>0.1 6.80 £0.15 —0.012 4+ 0.001 0.69

3 Anyyg <14 6.44+020 —0.013+0.002  1.28

4 my < 150 GeV 5.95£0.23 —0.012 £ 0.002 1.12
Final 3.95+0.49 —0.008 % 0.004 0.68

Tab. 9: Development of the fit parameters and the reduced x? after each iteration and
the final fit for the loose selection.

For the loose selection, the final fit parameters were determined to be a = 3.95+0.49 and
b= —0.008 & 0.004 with a reduced x? value of approximately 0.7. As can be seen from
Table 9, the reduced y? parameter seems to fluctuate around one and thus indicates a

relatively good fit quality throughout the cuts.

Iteration Cut a b red. x?
0 none 7.69+0.29 —0.017 £ 0.002 0.62

1 Pr~y > 300GeV  4.81+1.01 —0.011 %+ 0.007 0.56

2 T42 < 0.475 1.65+2.93 —0.003 £0.039 0.21

3 Cy > 0.08 4.81 +£4.07 —0.030 + 0.030 0.53
Final 0.57 £0.27 0 0.46

Tab. 10: Development of the fit parameters and the reduced y? after each iteration and
the final fit for the tight selection.

For the tight criteria, a worse fit quality was expected due to lower statistics. In fact,
the original fit of the m., spectrum in Figure 39 (b) resulted in a positive parameter
b and thus in a rising diphoton mass spectrum. This seems to result from the fact
that the two first bins only contain one event, even though they are expected to yield
more events than any other bins. Whether this effect is a systematic error or a simple
statistical fluctuation should be investigated in the future. In order to still calculate
a sensible background estimation, the exponential function was constrained to give a
decreasing diphoton spectrum, i.e. the parameter b was constrained to be zero or nega-
tive. According to expectation, this led to b &~ 0 and thus an almost constant diphoton
mass distribution. The final fit parameters were determined to be a = 0.57 £ 0.27 and
b= —1.6-10"2£9.8- 1072 with a reduced x? of 0.46. The parameter b can as a con-

sequence considered to be 0 and the resulting fit a simple constant. Note that as this
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being a low statistics analysis, the fits were already expected to yield high uncertainties.
However, the uncertainties on the expected continuous background yield oy, remain

reasonable (see Table 7 and 8).
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7. Results

In the following chapter the signal yields and the final background estimation are pre-
sented. The signal region is unblinded and limits are set on o(g9 — H) x BR(H — hh)

and o(gg — hh) for resonant and non-resonant Higgs boson pair production respectively.

7.1. Cutflow and event yields

Sample Event yield Sample Event yield

Cont. bkg. 20.138 £ 1.509 Cont. bkg. 1.765 + 0.470
ggF 0.468 £ 0.037 ggF 0.783 + 0.051
VBF 0.202 £ 0.024 VBF 0.460 £ 0.032
WH 0.087 + 0.007 WH 0.141 4 0.009
ZH 0.080 £ 0.004 ZH 0.099 + 0.007
ttH 0.055 + 0.004 ttH 0.126 + 0.006
igose 21.030 + 1.510 S 3.376 +0.474
0.5 TeV 0.009 + 0.001 0.5 TeV 0.021 + 0.002
0.75 TeV 1.166 £ 0.015 0.75TeV  1.570 £0.017
1 TeV 0.810 4 0.012 1 TeV 2.343 £ 0.020
1.5 TeV 0.091 £ 0.005 1.5TeV 2.482 £ 0.020
2 TeV 0.033 £ 0.003 2 TeV 1.664 +0.018
2.5 TeV 0.018 £ 0.001 2.5 TeV 0.922 £ 0.012
3 TeV 0.010 + 0.001 3 TeV 0.545 %+ 0.009

Tab. 11: Event yields for the loose selection  Tab. 12: Event yields for the tight selection

The event yields for the signal samples as well as background contributions are shown
in Table 11 and Table 12 for the final loose and tight selection respectively. Note that
the signal samples my < 500 GeV are not included as basically all events are lost after
applying the optimisation of the 750 GeV mass point. For the loose selection, the total

background estimation was determined to be
Sios = 21.030 % 1.510 (stat-only). (30)
For the tight selection, the background yield was calculated to

SpiMt = 3.376 + 0.474 (stat-only). (31)
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Note, however, that only statistical uncertainties were considered. The detailed cutflow

tables for the final selection are shown in Table 13 and 14 for the loose and tight selection

respectively.
Cut m~~ sidebands MC-bkg non-reso. 750GeV unbl. data
NpzaobD 111112680 3485.7076 0.3844 124359 111112680
DQ 97814823 3346.1636 0.3670 12.1078 97814823
2 loose photons 29866531 2772.3157 0.2957 9.8296 29866531
trigger match 29794061 2766.7179 0.2945 9.7793 29794061
rel. pr, cuts 23805404 2511.8504 0.2655 9.2516 23805404
fit range 8288643 2507.1722 0.2640 9.2026 8288643
My = 125.09 7568261 2227.9247 0.2230 8.1099 720382
> 1 large-R jet 49501  44.50144 0.0361 4.5901 5517
b-veto 46463 39.8963 0.0351 4.4764 5175
lepton veto 46262 39.2037 0.0300 3.8094 5153
PT~~y > 300 GeV 3792 13.7192 0.0099 2.5742 412
C; >0.14 740 2.2017 0.0049 1.5081 80
Anyy g < 1.2 423 1.4381 0.0042 1.3913 50
my < 136 GeV 183 0.8922 0.0033 1.1661 25

Tab. 13: Cutflow for the final selection in the loose topology for the m., sidebands,
Monte-Carlo background, non-resonant sample, resonant my = 750 GeV sam-
ple and the data in the unblinded signal region.

The detailed cutflows for the other resonant samples can be found in the appendix A.2.
After the event and background yields were fixed, the signal region was unblinded. For
the loose selection, 25 events were observed in the signal regions after all corresponding
cuts were applied (see Table 13). Around four additional events are observed than
expected in the background-hypothesis only. However, the number is consistent within
uncertainties. Note that the final optimal selection for the mpy = 750 GeV mass point
leads to a very high signal loss for the other resonant samples (see appendix A.2). The
reason for this, seems to be the last cut on mj. Whereas only approximately 16% of the
signal is lost for the 750 GeV sample, 75% of the events are lost for the 1.5 TeV sample,
with an increasing signal loss for higher resonances. It therefore might be sensible to
remove this cut when studying boosted resonances. The background yields excluding
the my cut in the loose selection are shown in appendix A.3. The total background
yield excluding the m; cut was determined to 47.945 £ 2.302. A total of 50 events were

observed in the signal region, being consistent with the background-only hypothesis.
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Cut M.~ sidebands MC-bkg mnon-reso. 750GeV unbl. data
NpzAoD 111112680 3485.7076 0.3844 12.4359 111112680
DQ 97814823 3346.1636 0.3670  12.1078 97814823
2 loose photons 29866531 2772.3157 0.2957 9.8296 29866531
trigger match 29794061 2766.7179 0.2945 9.7793 29794061
tight ID 4422423 2403.5774 0.2945 9.7793 4422423
isolation 1635695 2156.1191 0.2616 8.9808 1635695
rel. pr, cuts 1427304 1987.0086 0.2389 8.5893 1427304
fit range 490962 1986.2892 0.2385 8.5792 490962
My~ = 125.09 445828 1800.4735 0.2040 7.6050 45134
> 1 large-R jet 2331 37.1145 0.0336 4.3145 284
b-veto 2176 33.4883 0.0327 4.2076 264
lepton veto 2158 32.9486 0.0274 3.5819 260
DTy > 275 GeV 283 14.9583 0.0123 2.8562 41
T40 < 0.475 42 2.8261 0.0071 1.7091 14
C1 > 0.08 21 1.6112 0.0063 1.5701 7

Tab. 14: Cutflow for the final selection in the tight topology for the m., sidebands,
Monte-Carlo background, non-resonant sample and resonant myg = 750 GeV
sample and the data in the unblinded signal region.

For the tight selection, a small excess of 7 events was observed in the signal region
compared to 3.376 £ 0.474 background events after all corresponding cuts were applied

(see Table 14). The result is consistent within a (stat-only) 20 confidence level.
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7.2. Limits
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Fig. 40: Observed and expected upper limits for various values of my. Only statistical
uncertainties are considered.

As no evidence for di-Higgs boson production has been observed, limits on o(gg —
H) x BR(H — hh) and o(gg — hh) were set with the HistFactory [77] package for
resonant and non-resonant production respectively. Because the tight channel offered a
more promising significance, only limits for the tight selection were calculated. Figure
40 and Table 15 show the observed and expected limits for non-resonant production as

well as for the resonant mass points in a range 0.5 TeV< mpy < 3 TeV.
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Non-res. 0.5 TeV 0.75TeV 1TeV 1.5TeV 2TeV 2.5TeV 3 TeV

Expected 27.16  251.22 3.27 2.19 2.07 3.09 5.58 9.44
Observed 48.37  450.25 5.83 3.90 3.69 5.50 9.93 16.80
+20 59.24  566.71 7.14 4.78 4.51 6.73 12.16  20.58
+1o 40.11  375.23 4.83 3.24 3.06 4.56 8.23 13.94
—1lo 19.57  181.02 2.36 1.58 1.49 2.23 4.02 6.80
—20 14.58  134.84 1.76 1.18 1.11 1.66 2.99 5.07

Tab. 15: Observed and expected upper limits in units of picobarns for resonant and
non-resonant production (stat-only)

Note that only statistical uncertainties were considered. All observed limits are within
the 20 region of the expected limits. Upper limits for non-resonant production are
at 27.1677032 pb (expected) and 48.37 (observed). The most stringent limits for the
resonant samples could be set for myg = 1.5 TeV with 3.69ﬁ’:28 pb (expected) and 2.07 pb
(observed). Note that no sensible limit calculation was possible for my < 500 GeV,
as below this point, too few signal events pass the cut selection. This is due to the
fact, that a resolution with one large R-jet becomes infeasible for lower mass points,
especially because the Anti-k;(R = 1.0) jets are required to have a minimum transversal
momentum of 200 GeV. This also explains why upper limits decrease for the 1TeV and
1.5 TeV samples: as the partons are more boosted, they are closer to each other and
a large R-jet reconstruction is easier. Because the photons are also boosted, they are
equally close to each other in the lab frame. Due to the limited resolution of the detector,
this will lead to a poorer identification of the photons and could therefore explain the

rise of the upper limits for even higher mass samples.
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8. Conclusion and Outlook

A search for non-resonant and resonant Higgs boson pair production in the hh —
YYWhaaWh,q decay channel based on 36.1 fb~1 of collision data recorded by the ATLAS
experiment at the LHC in 2015 and 2016 at a centre-of-mass energy of /s = 13 TeV was
presented. No significant excess of di-Higgs boson production with respect to the SM
background-only hypothesis is observed. Upper limits were set on (g9 — H)xBR(H —
hh) and o(gg — hh) for the resonant and non-resonant Higgs boson pair production re-
spectively. Upper limits for non-resonant production are at 27.16#118:%% pb (expected)
and 48.37pb (observed). The most stringent limits for the resonant samples could be

set for mpg = 1.5 TeV with 3.697598 pb (expected) and 2.07 pb (observed).

Note that this analysis only takes into account statistical uncertainties. A full analysis
also requires considering systematic uncertainties, which are expected to contribute to
a non-negligible amount to the total errors. The observation that the m,, spectrum in
the continuous background estimation seems to indicate an unexpected downward fluc-
tuation in the first two bins, is to be investigated further. Evidently, the uncertainty on
the continuous background estimation is the major contributor to the final background
yield error. It is therefore essential to ensure a good fit quality. As this being a low
statistics analysis, more data from the LHC in the coming years will enhance the back-
ground estimation. Also, low statistics prevent the implementation of more cuts, as at
some point, the exponential fit becomes infeasible. More data may allow for additional
cuts or more sophisticated methods such as boosted decision trees which could further

enhance the background subtraction.

In addition to using more data, the combination of different decay channels for analysis
with low statistics is crucial. For instance, the semileptonic channel WW?* — gqlv,
seems to be a promising candidate. Even though it offers a slightly lower branching

ratio, the lepton will considerably improve the event identification.

The LHC is expected to provide approximately 3000fb~! of integrated luminosity by
2030. With this amount of data, combined analysis should become sensitive to non-
resonant di-Higgs production as well as to heavy resonances. It can therefore expected
that studies on Higgs boson self-coupling as well as boosted mass points will become

increasingly important in a near future.
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A. Appendix

A.1. Monte Carlo samples

Mass point my [GeV] Signal sample name
Honresonant mcl5_13TeV.342621.aMcAtNIloHerwigppEvtGen__UEEE5_CTEQ6L1
_CT10ME_hh_yyWW.merge.AOD.e4419_a766_a821_r7676

260 mc15_13TeV.343756.aMcAtNloHerwigppEvtGen_UEEE5_CTEQG6L1
_CT10ME_Xhh_m260_yyWW.merge.AOD.e5153_a766_a821_r7676

300 mcl5_13TeV.343758.aMcAtNIloHerwigppEvtGen__UEEE5_CTEQ6L1
_CT10ME_Xhh_m300_yyWW.merge.AOD.e5153_a766_a821_r7676

200 mcl5_13TeV.343761.aMcAtNIloHerwigppEvtGen__UEEE5_CTEQ6L1
_CT10ME_Xhh_m400_yyWW.merge.AOD.e5153_a766_a821_r7676

500 mcl5_13TeV.343763.aMcAtNIloHerwigppEvtGen__UEEE5_CTEQ6L1
_CT10ME_Xhh_m500_yyWW.merge.AOD.e5153_a766_a821_r7676

750 mc15_13TeV.343818.aMcAtNloHerwigppEvtGen_UEEE5_CTEQG6L1
_CT10ME_Xhh_m750_yyWW.merge.AOD.e5153_a766_a821_r7676

1000 mcl5_13TeV.343819.aMcAtNIloHerwigppEvtGen__UEEE5_CTEQ6L1
_CT10ME_Xhh_m1000_yyWW.merge.AOD.e5153_a766_a821_r7676

1500 mcl5_13TeV.343820.aMcAtNIloHerwigppEvtGen__UEEE5_CTEQ6L1
_CT10ME_Xhh_m1500_yyWW.merge.AOD.e5153_a766_a821_r7676

2000 mcl5_13TeV.343821.aMcAtNIloHerwigppEvtGen__UEEE5_CTEQ6L1
_CT10ME_Xhh_m2000_yyWW.merge.AOD.e5153_a766_a821_r7676

9500 mc15_13TeV.343822.aMcAtNloHerwigppEvtGen__UEEE5_CTEQG6L1
_CT10ME_Xhh_m2500_yyWW.merge.AOD.e5153_a766_a821_r7676

3000 mcl5_13TeV.343823.aMcAtNIloHerwigppEvtGen__UEEE5_CTEQ6L1
_CT10ME_Xhh_m3000_yyWW.merge.AOD.e5153_a766_a821_r7676

Tab. 16: Signal sample names for non-resonant production and resonant production for
several Higgs-boson mass points my
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Channel Background sample name
ool mcl5_13TeV.341000.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1
_ggH125_gamgam.merge.AOD.e3806_s2984_r8585_r7676
VBF mclb_13TeV.341001.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1
_VBFH125_gamgam.merge.AOD.e3806_s2608_r7772_r7676
7H mcl5_13TeV.341068.Pythia8EvtGen_A14NNPDF23LO
_ZH125_gamgam.merge.AOD.e3796_s2608_s2183_r7772_r7676
WH mcl5_13TeV.341067.Pythia8EvtGen_A14NNPDF23LO
_WH125_gamgam.merge.AOD.e3796_s2608_s2183_r7772_r7676
mcl5_13TeV:mcl5_13TeV.341081.aMcAtNIloHerwigppEvtGen__UEEE5
ttH _CTEQ6L1_CT10ME_ttH125_gamgam.merge.AOD.e4277
_s2608_s2183_r7772_r7676

Tab. 17: Background SM h — v samples
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A.2. Cutflows
Cut 0.5TeV  0.75TeV 1TeV 15TeV  2TeV 25TeV  3TeV
NpzAoD 11.4577  12.4359 12.8440 13.3675 13.4486 11.2754 8.7729
DQ 10.9383  12.1078 12.6019 13.2095 13.3293 11.1762 8.6796
2 loose photons 8.7841 9.8296 10.3809 11.0882 11.3000 9.3894 7.0723
trigger match 8.7495 9.7793 10.3173 10.9978 11.1979 9.3076 7.0104
rel. pr, cuts 7.9847 9.2516  9.9048 10.7025 10.9709 9.1130 6.8397
fit range 7.9302 9.2026  9.8519  10.659 10.9450  9.0909 6.8160
My~ = 125.09 6.8281 8.1099 8.7614  9.5683  9.8354  8.1396 6.0425
> 1 large-R jet 0.9999 4.5901  6.2810 7.9579  8.5840  7.2006 5.3276
b-veto 0.9733 4.4764  6.1263  7.7796  8.4067  7.0549 5.2047
lepton veto 0.8284 3.8094 5.1444  6.7608  7.5344  6.3793 4.6899
PT~y > 300GeV  0.0490 2.5742  4.7187  6.6457  7.4919  6.3611 4.6817
C; >0.14 0.0178 1.5081 1.7608  0.8713 0.5799  0.3739 0.2525
Anyyg < 1.2 0.0104 1.3913 1.1649 0.3670  0.2497  0.1458 0.0836
my < 136 GeV 0.0086 1.1661  0.8097  0.0906 0.0326  0.0179 0.0096

Tab. 18: Cutflow for the final selection in the loose topology for the resonant mass sam-
ples. As the analysis is not sensitive to my < 500 GeV, the mass points 260 GeV,
300 GeV and 400 GeV are not shown.
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Cut 0.5TeV 0.75TeV 1TeV 1.5TeV  2TeV 2.5TeV  3TeV
NpzaoD 11.4577  12.4359 12.8441 13.3674 13.4486 11.2754 8.7729
DQ 10.9383  12.1078 12.6019 13.2095 13.3293 11.1762 8.6796
2 loose photons 8.7841 9.8296 10.3809 11.0882 11.3000  9.3894 7.0723
trigger match 8.7495 9.7793 10.3172 10.9978 11.1979  9.3076 7.0104
tight 1D 8.7495 9.7793 10.3172 10.9978 11.1979  9.3076 7.0104
isolation 7.8642 8.9808  9.5797 10.3341 10.5803  8.6891 6.1195
rel. pr cuts 7.2580 8.5894  9.2877 10.1291 10.4315 8.5648 6.0194
fit range 7.2426 8.5793  9.2710 10.1227 10.4284  8.5621 6.0179
M~ = 125.09 6.2984 7.6051  8.2975  9.1202 9.3983  7.6844 5.3401
> 1 large-R jet 0.9141 4.3147  5.9557  7.5901  8.2087  6.8000 4.7515
b-veto 0.8895 4.2076  5.8096  7.4212 8.0404 6.6630 4.6395
lepton veto 0.7552 3.5819  4.8812  6.4482  7.2093  6.0457 4.2337
PT~y > 275GeV  0.0673 2.8561  4.6275  6.3728  7.1847  6.0346 4.2292
T2 < 0.475 0.0264 1.7091  2.7390  3.7604  4.2665 3.5934 2.4922
C1 > 0.08 0.0208 1.5701  2.3434 2.4816 1.6642  0.9217 0.5448

Tab. 19: Cutflow for the final selection in the tight topology for the resonant mass sam-
ples. As the analysis is not sensitive to my < 500 GeV, the mass points 260 GeV,
300 GeV and 400 GeV are not shown.
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A.3. Yields for the loose selection, excluding the m; cut

Sample

Event yield

Cont. bkg.

geF
VBF
WH
ZH
ttH

46.507 £ 2.302

0.736 £ 0.044
0.367 £ 0.035
0.121 £ 0.008
0.100 £ 0.007
0.114 £ 0.005

loose
Ebkg

47.945 £+ 2.302

0.5 TeV
0.75 TeV
1TeV
1.5 TeV
2TeV
2.5 TeV
3TeV

0.010 £ 0.001
1.391 £ 0.016
1.165 £ 0.014
0.367 £ 0.008
0.250 £ 0.007
0.146 £ 0.005
0.084 £ 0.004

Tab. 20: Background yields for the loose selection, excluding the mj; cut. The yields
correspond to a significance of 0.200 + 0.002.
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