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Abstract

A search for non-resonant and resonant di-Higgs production in the final state hh —
yyWW* with hadronically decaying W -bosons is performed. The analysis is based on 36.5
fb~! of collision data recorded by the ATLAS experiment at the Large Hadron Collider
in 2015 and 2016 at a center-of-mass energy of 13 TeV. The final state yyWpaqW} 4 com-
bines the purity of h — ~ with the relatively high branching ratio of h — WW™* — qqqq.
The analysis was optimized for boosted topologies, where the quarks in the final state
can be reconstructed by at least one large radius jet (Anti-k(R = 1.0)). The search is
performed utilizing a cut and count approach, with Monte Carlo simulations representing
non-resonant di-Higgs production and a spectrum of heavy resonances from 260 GeV to 3
TeV. The background composition is determined by a data-driven estimation in the m.,
sidebands and Monte Carlo simulations of Standard Model h — ~~ processes.

No evidence of di-Higgs production is observed. Observed and expected upper exclusion
limits at 95% confidence level on the production cross sections are set: The upper limits
for the non-resonant production are at 6.36 pb (observed) and 8.26 7397 pb (expected).
The upper limits for the resonant production are in the mass range of the resonance 1
TeV < mx < 3 TeV between 1.23 and 3.28 pb (observed) and between 1.75 and 4.70 pb

(expected).

Keywords: Resonant di-Higgs production, Non-resonant di-Higgs production, Large
radius jets, Physics, Master’s thesis
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1. Introduction

The study of subatomic particles is an important aspect of contemporary physics. The
Standard Model of particle physics (SM) [1] is one of the most successful models to date
[2H5]; it describes the existence of particles and interactions between them. Following
theoretical considerations one of those particles was postulated in 1964 [6, [7] and recently
discovered in 2012 [8, 9]: the Higgs-boson. However, several characteristics of this boson
have not yet been experimentally tested. Furthermore, several theories predict the exis-
tence of more than one Higgs-boson. Investigations concerning the Higgs-sector and the
underlying mechanism of spontaneous symmetry breaking are still a prominent facet of

the experimental program of the ATLAS detector [10] and the LHC physics program.

This thesis will briefly describe the Standard Model of particle physics and its lim-
itations, discuss the theoretical background of the Brout-Englert-Higgs (BEH) mecha-
nism and beyond the Standard Model (BSM) models, which predict two Higgs doublets
(2HDM) and consequently five Higgs-bosons [I1]. These theories can address several of
the SMs limitations. In particular, investigating di-Higgs processes allows for analysis
of trilinear Higgs-couplings, which are sensitive to BSM contributions, as well as enables

searches for heavy scalar BSM resonances.

Here, a search for di-Higgs production in the decay channel hh — yyWW* with hadron-
ically decaying W-bosons is presented. A particular focus lies on heavy resonances with

masses above 1 TeV and the utilization of large radius jets.

This thesis is structured as follows: The theoretical background, including a description
of the SM and its limitations, the BEH mechanism, 2HDMs and di-Higgs production is
presented in chapter . The experimental apparatus (ATLAS) and methods of the analysis
are described in chapter [3| while the event topology, reconstruction of objects, selection
optimization and event yields are laid out in chapter [} Chapter [f| presents the final
results of the analysis, and chapter [0] provides a conclusion and outlines further prospects

on the investigation of di-Higgs events. This thesis uses natural units: ¢ = h = 1.






2. Theoretical background

The Standard Model of particle physics (SM) [2H5], describes three of the four known
fundamental forces (weak force, strong force and electromagnetic force) and all known
fundamental particles. Despite the fact that many of its predictions agree with measured
quantities to a very high precision [I], there are several shortcomings of the SM, that are
of particular interest to this thesis. This chapter will describe some central ideas of the
SM (sec. with a particular focus on the Higgs sector (sec. [2.1.1] and [2.1.2)) and for
this analysis particularly relevant aspects like the decay of W-bosons. Furthermore, it
will discuss limitations of the SM (sec. and a Beyond-the-Standard-Model theory
addressing some of those limitations by expanding the Higgs sector (sec. [2.2)). Lastly

searches for di-Higgs production are mentioned and discussed (sec. .

2.1. The Standard Model of particle physics

The SM is a gauge theory of the group SU(3)c x SU(2); x U(1l)y that requires its
Lagrangian density to be invariant under local gauge transformations. This requirement
introduces gauge fields corresponding to massless force-carrying gauge bosons. These
bosons correspond to different subgroups: Eight gluons couple to the color charge, C,
(corresponding to the subgroup SU(3)¢) and mediate the strong nuclear force, while the
fields for the subgroup SU(2). x U(1)y correspond to the mediators of the electroweak
sector: W=*,Z% ~. This sector is the unification of the electromagnetic force and the weak
force. In addition to these bosons, which are all spin-1 particles, the SM describes the spin-
1/2 particles (fermions). Those fermions are the fundamental building blocks of matter in
the universe and are subdivided into the leptons and the quarks, whereby only the latter
carry color charge and are therefore subject to the strong interaction. Compound states
of quarks are called hadrons. The fundamental particles, their charges, spins and masses
are depicted in figure [2.1

Most of the known fundamental particles have a finite lifetime and decay into lighter
particles. Exceptions are the lightest particles as for them further decays are kinematically

forbidden: Electrons and neutrinos are stable (ignoring neutrino oscillations, which only
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Figure 2.1.: Particle content of the SM showing fermions (leptons and quarks) and
bosons (gauge bosons and the Higgs-boson). The gauge bosons are the
photon, the gluon and the two vector bosons: W- and Z-boson. The
particular groups of fermions and the gauge bosons they couple to are
connected by a slightly shaded area (picture from [12])

change the neutrino flavor) as well as the lightest quarks (up, w and down, d), which
form compound states. The other quarks decay according to the Cabbibo-Kobayashi-
Maskawa (CKM) Matrix [13} [14] into a lighter quark and one of the W-bosons (such that
electromagnetic charge is conserved). The CKM Matrix is related to the corresponding
branching ratio (BR) for a given decay. The heavier leptons (u and 7) decay into a
corresponding (anti-)neutrino and a W-boson. This charged weak current is according to
the SM the only process which results directly in flavor changes.

The weak nuclear force, of which the W-boson is one of the mediators, conserves elec-
tromagnetic charge, as well as spin and lepton or baryon number. Therefore a 1/-boson
only decays into particle-antiparticle pairs, whose combined charge is equal to its own
charge. Those particle-antiparticle pairs can be both quarks (with the exception of the
top quark, as it is heavier than the W-boson) or leptons. In the hadronic decay only pairs
of one up-type and one down-type quark, while in the leptonic decay only a charged lep-
ton and the corresponding neutrino, are produced. Table shows the branching ratios,
while figure depicts vertices of a W-boson decay.

Quarks, the decay products of hadronically decaying W-bosons, are, as well as the

gluons, color confined i.e. combine to color singlets. If a parton (quark or gluon) has
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Table 2.1.: Branching ratios of the W-boson [I].

Decay products | Branching Ratio [%)]
hadrons 67.41 +£0.27
ev 10.71 £ 0.16
v 10.63 £ 0.15
TV 11.38 £0.27

Figure 2.2.: Hadronic and leptonic W-boson decay.

sufficient energy, it can temporarily escape the singlet state and undergo so called parton
showering: A cascade of partons is produced. These partons later combine again to color
singlets and hadronize, forming hadrons. An explanation on how to combine information

on the spray of hadrons and reconstruct a proxy for the initial parton, called a jet, is
given in chapter [3.4]

2.1.1. The Brout-Englert-Higgs mechanism

At the heart of the SM lies the Brout-Englert-Higgs (BEH) mechanism [6l [7], it addresses
two issues in the SM:

As a result of the local gauge invariance of the Standard Model, gauge fields were
introduced, which require massless gauge bosons - a mass term in the Lagrange density
for gauge bosons would violate local gauge symmetry. Experiments, however, showed that
the W- and Z-bosons are massive.

In addition, WW scattering processes would prima facie violate unitarity at the TeV
scale. This violation can be avoided if the scattering is mediated by a scalar particle,
which possesses a coupling to WW proportional to myy.

To address these issues, the Brout-Englert-Higgs mechanism was proposed, assuming
the existence of a complex scalar field. The idea is to introduce a potential of this scalar
field with a spontaneously broken symmetry, therefore creating a non-zero expectation
value, see as an illustration figure [2.3]

Supposing the existence of a doublet, ®, of complex scalar fields, ®; and ®,, and
arranging it such that ®, is along the real axis, one can expand the doublet around the

vacuum expectation value, v, introducing the scalar field, h:
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Figure 2.3.: Higgs potential and vacuum expectation value, v [I5]. The minimum of
the potential is no longer at the origin but a continuum. To reach the
minimum, the symmetry must be spontaneously broken.
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In unitary gauge, the potential in SU(2) can be written as:

V(®) = 2 ®*® + n(d*d)?,

such that for 4> < 0 and n > 0 a stable (i.e. limpe V(®) = 00) symmetry is
achieved, which can be spontaneously broken (i.e. minima exist, which are not at the axis
of symmetry, as depicted in Figure .

The potential yields - after expansion around the local minimum - the following terms

containing a new scalar boson, h:

L, n n
—mjh? \f R+ ~h'.
2mh + 2mh + 4

This newly introduced scalar boson, called the Higgs-boson, has a mass of my, = nv?/2
and has trilinear and quartic self interactions. Introducing the new field yields mass-like
terms in the Lagrange density for the vector bosons, which do not violate local gauge

invariance. With the coupling constant g, the masses of the vector bosons are:
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vg
mw =
and
mw
my = ,
77 cos(6w)

where 0y is the Weinberg angle. The coupling strength to a particle of the Higgs field
is proportional to the particle’s mass: In case of W¥ with an additional factor of g, in
case of Z° with a factor of g/ cos(y ). For a fermion, f, the coupling strength, ), to the
Higgs field is Ay = V2my

v

2.1.2. The Standard Model Higgs-boson

In 2012, a Higgs-like particle with as a mass of approximately (125.09 £0.32) GeV [1] was
discovered at the LHC experiments ATLAS and CMS [8,9]. Production modes and cross
sections for hadron colliders are shown in figure . At /s = 13 TeV, gluon-gluon fusion
is the dominant process.

Some predicted branching ratios for a SM-like Higgs-boson are listed in table 2.2 Note
that, the v+ final state cannot be produced at tree level, as the photons are massless and
do therefore not couple to the Higgs-boson - and a fermion (or W-boson) loop is needed
to mediate the process, reducing the branching ratio. The bb final state has a higher
branching ratio than the WW™* despite the W-boson being heavier, because of kinematic
suppression: One of the W-bosons must be off-shell, as m;, < 2my,. For this analysis, the

decays h = WW* and h — 7y are particularly relevant.

Table 2.2.: Calculated branching ratios of a Higgs-boson with m;, = 125.09 GeV [16].

Decay products | Branching Ratio | Uncertainty
Yy 2.270-1073 +1.73%
WWw+ 2.152- 1071 +0.99%
47" 2.641 - 102 +0.99%
bb 5.809 - 1071 +0.65%
T 6.256 - 1072 +1.16%
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(a) ggF (48.52) (b) VH (1.37
(WH), 0.88 (ZH))

(c) ttH (0.51) (d) VBF (3.78)

Figure 2.4.: Leading-order single Higgs-boson production processes and their produc-
tion cross sections in pb (for proton-proton colliders with /s = 13 TeV): (a)
gluon gluon fusion, (b) associated production with a vector boson, V', (c)
associated Higgs-boson production with top pair, (d) vector boson fusion.
Various uncertainties on the cross section are listed in reference [16].

2.1.3. Limitations of the Standard Model

Despite its numerous successes, the Standard Model has a few limitations. It only in-
corporates three of the four known forces, as gravity cannot be quantized in a consistent
way [I7]. Neutrinos are considered to be massless in the SM, which is contradicted by
observable neutrino oscillations [I8]. The SM also cannot completely explain the baryon
asymmetry which is apparent in the universe [19]. Furthermore the SM does not provide
a candidate for dark matter. Next to these shortcomings of the SM, aesthetic problems
also exist: For example, the SM does not provide an explanation for the huge discrepancy
between the Higgs-bosons mass and the Planck mass (hierarchy problem), which requires
fine tuning [20]: the mass renormalization of fundamental scalars is quadratically diver-
gent. In order for the Higgs-boson to have a mass of around 125 GeV, this divergence
must almost exactly cancel in perturbation theory.

Several ideas have been proposed to solve some of those problems. One of which is
the introduction of a symmetry between bosons and fermions, adding for each fermionic

(bosonic) particle a bosonic (fermionic) superparticle. This supersymmetry (SUSY) could
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explain the hierarchy problem, as loop corrections to the Higgs-boson mass would natu-
rally cancel [2I]. If, in addition, one assumes that no supersymmetric particle (sparticle)
can decay into only SM particles (R-parity conservation) the lightest sparticle is stable

and therefore a candidate for dark matter.[22]

2.2. Two-Higgs-Doublet-Models

In the minimalistic supersymmetric extension of the Standard Model (MSSM), more than
one Higgs doublet and therefore more than one Higgs-boson is required [II]. This is due
to the fact that gauge anomalies would not cancel if only one Higgs-fermion (superpartner
of the Higgs-boson) were added. A single doublet could also only generate the masses
for up-type or down-type quarks but not for both. There are also non-supersymmetric
Two-Higgs-Doublet-Models (2HDM) like the Peccei-Quinn Model [23].

Two complex doublets possess eight degrees of freedom, of which three are required
to provide the masses for W* and Z°. The remaining five degrees would lead to five
Higgs-bosons: one neutral pseudoscalar, CP-odd boson, A, two neutral scalar CP-even
bosons, h and H, and two charged scalar CP-even bosons, H* [I1]. In the following H
will be referred to as ‘heavy Higgs-boson’.

One can denote the two complex Higgs doublets of 2HDM as [11]

P %
o ( (va+pa+ina)/\/§)’

for the two doublets a € {1,2}, v and n are identical to the discussion of one Higgs
doublet but specific to the value of a. p is defined as (in the general form for n scalar

multiplets):

with the weak isospin / and the hypercharge Y.

Assuming CP-conservation, absence of spontaneous CP breaking and elimination of
quartic terms by discrete symmetries, the most general scalar potential for the two dou-
blets is:
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V =m?®d, +m2,I 0, — m2,(B]d, + OLd,)

A A
+5 (@101) + T (L0)° + N 2{ @1 0Ly
A A
+0, 0] 0,010, + 55((191‘1’2)2 + ?S(q);q’l)z-

It can be shown, that the resulting mass terms for the scalars are given by:

2 v 2 2
Mo + \v]  —miy + A3450102 ) pr
Y

[’fhmass =-P ( 2

2 2 v 2
_m12 + )\345’01'02 mlzé _I_ )\2/02

with P = (pl, pg) and )\345 = )\3 + )\4 -+ )\5.
The mass squared matrix of the scalars is diagonalizable, the angle that performs this

diagonalization is called «v. Furthermore, one relevant parameter of 2HDMs is the quantity

tan f = ﬁ.

%
2HDMs are usually grouped into types I and II, whereby type I 2HDMs assume that
charged fermions couple only to the second doublet, while type II 2HDMs assume, that up-
and down-type quarks couple to separate doublets. There are, however, also additional
types, like type III, which allows for flavor changing neutral currents at tree level. The
MSSM and the Peccei-Quinn Model both are of type II, this thesis will also implicitly

assume a type II 2HDM.

2.3. Di-Higgs production

The Higgs self-interaction remains an important undetermined element of the sponta-
neous symmetry breaking [24]. Calculating the Higgs potential after the Higgs doublet
is expanded around the vacuum expectation value yields trilinear and quartic h-vertices
(V > tmin* + \/gmhh?’ + 2h*). Those are proportional to /7 and 7 respectively, and
therefore important to search for in order to determine the Higgs potential. The primary
motivation for analyzing non-resonant Higgs pair production, is to measure the self cou-
pling of the Higgs-boson. Feynman diagrams for non-resonant di-Higgs productions are
shown in figure . At the LHC, the non-resonant production at /s = 13 TeV is expected

10
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to have a cross section of approximately only 37.3 fb (at NNLO) [25], while several BSM
theories, like strong electroweak symmetry breaking scenarios [26], predict an enhanced
cross section. This motivates further study of di-Higgs productions, despite the fact that
as of now not enough data has been collected to be sensitive to the SM cross section. The
running of the production cross section for multiples of the SM Higgs-boson self-coupling
parameter is shown in figure [2.6]

Furthermore, a heavy Higgs-boson, as described in section [2.2] could decay into a
pair of SM Higgs-bosons H — hh and would therefore appear as a resonance. The
Feynman diagram in figure shows a process leading to such a resonant Higgs-Boson

pair production [24].

g o h
h .o
e g
,,,,,, h
g \\\ h
g h

Figure 2.5.: Leading-order graphs for non-resonant di-Higgs production, a trilinear cou-
pling in the gluon-gluon fusion is seen in the top left. Processes like the
one on the top right yield only vanishing contributions, due to color con-
servation. The box diagram at the bottom interferes destructively with the
trilinear gluon-gluon fusion. [27]

Investigations to set upper limits on the di-Higgs production for /s = 13 TeV are
ongoing. Figure shows the upper limits for o(hh — bbbb) for various values of my.
Note however, that those results only use 3.2 fb~! of data. Figure shows the upper
limit for low mass points in the decay channel hh — yyWW*(lvjj), while figure
shows the upper limits for various channels for a center-of-mass energy of 8 TeV.

Upper limits for /s = 13 TeV are still being investigated - especially boosted final
states are not yet analyzed in great detail. The goal is to combine various channels in
order to achieve optimal upper limits for \/s = 13 TeV for a variety of mass points, similar
to the combination for /s = 13 TeV depicted in figure .

11
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Figure 2.6.: Di-Higgs production cross section as a function of the Higgs-bosons trilinear
coupling [24].
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20900090 A )

Figure 2.7.: Leading-order Feynman diagram for resonant Higgs-boson pair production.

12
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Figure 2.8.: Limits on the resonant di-Higgs production cross section times branching
ratio for the 4b final state for /s = 13 TeV [2§].
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Figure 2.9.: Limits on the resonant di-Higgs production cross section for /s = 13 TeV,
as measured in the channel h — yyWW* [29].
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Figure 2.10.: Combined limits on the resonant di-Higgs production cross section for

Vs =8 TeV [30].
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3. Experimental apparatus and
methods

3.1. LHC

The Large Hadron Collider (LHC) is an underground proton-proton (and heavy ion)
synchrotron collider located at CERN near Geneva, Switzerland [31]. It currently operates
at a center-of-mass energy of /s = 13 TeV with an instantaneous luminosity of the
order of 10** cm™2s7!. It accelerates protons to nearly the speed of light, ¢, and has
a circumference of 27 kilometres. Two beams of protons travel in opposite directions
through the accelerator ring. Collisions occur at four different interaction points where
the two beams cross. In experiments positioned at those collision points, the collision
events are studied, usually by detecting the final decay products of unstable particles
created in proton-proton interactions. These experiments are ATLAS [32], CMS [33],
LHCb [34] and ALICE [35].

The LHC uses a series of acceleration steps to accelerate protons to the desired 6.5 TeV
beam energy. The acceleration chain is depicted in figure 3.1} Tonized hydrogen atoms
(protons) are accelerated to 50 MeV by the LINAC2 and from there to 1.4 GeV by the
Proton Synchrotron Booster. In the Proton Synchrotron they are then accelerated to
25 GeV and lastly by the Super Proton Synchrotron to 450 GeV. With this energy they
can be injected into the LHC ring, with a bunch spacing of 25 ns. There are nominally
2808 total bunches along the ring with 10! protons each. The LHC provides the final

acceleration to 6.5 TeV.

3.2. ATLAS

The ATLAS (A Toroidal LHC ApparatuS) experiment is the largest experiment at the
LHC [31, B2]. A diagram of the detector is shown in figure 3.2 The detector is built
symmetrically around an interaction point and has roughly cylindrical shape. A right

handed coordinate system is overlaid using the direction to the center of the collider as

15
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Figure 3.1.: Scheme of the LHC, showing the acceleration chain as well as the location
of several experiments [36].

positive z direction and the upward direction as positive y direction, such that z points
along the beam line. A particle’s momentum perpendicular to the z-axis is denoted as
pr. One usually defines a cylindrical coordinate system with the origin at z = 0. The
azimuthal angle, ¢, is then the angle in the z-y-plane, whereby ¢ = 0 coincides with the
y-axis. The polar angle, 6, is the angular distance from the +z-axis. As the particles are
accelerated to speeds close to the speed of light, it is reasonable to use the pseudorapidity
n = —ln(tang) instead of 6, as differences in pseudorapidity are Lorentz invariant for

boosts along the direction of the beam.

The ATLAS detector [32] has a mass of about 7000 tons and is located in a cavity
approximately 100 meters below ground at CERN. The detector is built, such that it
provides a high level of hermicity, allows for high precision energy and momentum mea-
surements and is able to provide identification of different particle types based on their
signature. It consists of several layers and many different detector systems, some of which

will be described in the following. The resolutions and coverage of each detector system

16
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Figure 3.2.: Diagram of the ATLAS detector, showing the different layers and detector
systems [37].

is listed in table [3.1] The inner detector is the layer closest to the interaction point and
consists of the silicon pixel detector, the Semiconductor Tracker and the Transition Radi-
ation Tracker. The inner detector is used to measure the momentum and charge of each
charged particle and is therefore covered by a magnetic field of 2 T, created by a central
solenoid. The deflection of a charged particle due to this magnetic field is dependent upon

charge and momentum of the particle.

The electromagnetic and hadronic calorimeters are located around the inner detec-
tor. The electromagnetic calorimeter is a sampling calorimeter using liquid Argon and
lead. Mostly electrons and photons deposit their energy in this calorimeter due to
bremsstrahlung and electron pair production and subsequent shower production. The
hadronic calorimeter consists of tile- forward and end-cap calorimeters, using iron and
plastic scintillator, tungsten and liquid argon and iron and liquid argon respectively. In
the hadronic calorimeter, particles lose energy by elastic and inelastic nuclear scattering
and produce a spray of secondary particles, which again undergo scattering processes and
produce further particles. Decaying particles can also produce electromagnetic showers
inside the hadronic shower. Ideally, all the particles (except for muons and neutrinos)
deposit their energy in the calorimeters, such that by combining all energy deposits into

clusters, one is able to obtain a proxy for the particles energy.
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3. Experimental apparatus and methods

The outermost layer of the detector is a system of muon chambers. Muons as minimal
ionizing particles lose only a small fraction of their energy in the calorimeter and can
therefore be detected in proportional chambers in the muon layer. Tracks in those cham-
bers can then be used to identify muon tracks in the tracker or muon energy deposits in
the calorimeter. The outermost parts of the detector are also covered by a magnetic field,
which is created by toroidal magnets. Those provide fields with 3.9 T (end-cap toroid)
and 4.1 T (barrel toroid).

The acquired data is filtered before further processing, as the collision rate of 40 MHz is
too high to record and store every single event. The filtering is done in several triggering
steps. The trigger system checks for example for the presence of high-p particles in form
of clusters, leptons or missing transverse energy, or for several combinations of particles
with certain energy and pr thresholds. As a last step, a so called high-level trigger is
used, reconstructing the event in-time and only accepting specific signatures. Finally

about 1000 events are recorded per second. Those events are later used for analysis.

Table 3.1.: Resolution and coverage of the different parts of the ATLAS detector [32],
with F being the energy of the corresponding object, o its uncertainty and
pr its transverse momentum. The momentum resolution of the muon system
is highly inhomogeneous, the stated value is an upper limit for about 80%

in the phase space between 10 GeV < pr < 300 GeV.

Detector part Resolution Coverage in 7
Inner detector Opy /P = 0.05 %pre® 1% In| <2.5
EM calorimeter ox/E =10%/VE® 0.7% In| < 3.2
Had calorimeter (tile, end-cap) | og/E = 50%/vVE® 3% In| <3.2
Had calorimeter (forward) op/E=1/VED 0.7% |3.1<|n <49
Muon spectrometer Opy/pr = 0.05 In| < 2.7

3.3. Simulation methods

Monte Carlo [38] generators are used to model physical events by simulating the matrix
element (of the simulated primary interaction), the parton showering and the underlying
event (interactions in the same bunch crossing, other than the simulated primary event).
The results from this simulation are stored in the so-called truth record, a description of
the true particles before detector effects come into play. With a simulation of the ATLAS
detector, those results are mapped to a simulated detector response of the event in ques-
tion. This is stored in the same way as the actual data and therefore allows for direct

comparison between data and simulation.
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3.3. Simulation methods

The simulation of the ATLAS detector is performed using GEANT4 [39]. However,
different approaches are possible: On the one hand, a full simulation can be performed,
which models every aspect of the detector to a very high level of accuracy. On the
other hand, an fast simulation (AFII) [40] can be performed, which focuses on the most
important elements and less precise but computationally faster approximation methods.
The simulation of the tracking detector is identical in fast and full simulation, while the
calorimeter simulation is not. Instead of modelling particle interactions with matter in
the calorimeter, a parametrized description of the calorimeter is used to estimate the
detector’s response. In AFII, the total momentum of a hadron spray is well-modeled, as
the amount of incoming energy is set by generator and parton showering. However, the
number of clusters as well as the energy distribution across clusters differs substantially

from the full simulation.

3.3.1. Signal simulation

For the signal, MC samples for non-resonant as well as for resonant di-Higgs production
with hh — yyWW™* for several heavy Higgs mass points (260 GeV < mpy < 3 TeV)
were used. They all rely on fast simulation. The generators for the signal samples are
Madgraphb_aMC@NLO [4I] (matrix element) and Herwig ++ [42] (hadronization, showering,
underlying event), with the CTEQ6L1 PDF set [43]. The PDF tune is UEEES [41].

Table shows the number of events in a selection of the signal samples, as well as
cross section times branching ratio o - BR(hh — yyWW?*) for an assumption of ¢ = 1

pb. A complete list of the samples’ names, also including validation samples is given in

appendix [A.5]

Table 3.2.: Summary of the signal samples for non-resonant production and resonant
productions for several values of my, assuming standard model like behavior
of the di-higgs system [I]
| Mass point my[GeV] | Number of generated events | o - BR(hh — yyWW*) [fb] |

non-resonant 970000 0.98
500 179000 0.98

750 184000 0.98
1000 200000 0.98
1500 195000 0.98
2000 179000 0.98
2500 197000 0.98
3000 199000 0.98
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3. Experimental apparatus and methods

3.3.2. Background simulation

For this analysis, SM background h — vy MC samples were used. For the background
the Higgs-boson production modes ggF (gluon-gluon-Fusion), V BF (vector boson fusion),
ttH (associated top pair production), ZH and W H (Higgsstrahlung) were used.

The matrix elements for the ggF and V BF' background samples are calculated using
Powheg [44] and Pythia8 [45] is used for showering, hadronization and underlying event
calculations. The CT10 [46] PDF set with tune AZNLOCTEQ6L1 [47] is used. For VH and
ttH, the Pythia8 generator and PDF NNPDF23LO [48] with A14NNPDF23L0 [49] tune were
used.

Table |3.3| shows the number of events in the background samples as well as production

cross section times branching ratio o- BR(h — 7). A complete list of the samples’ names
is given in appendix

Table 3.3.: Background SM h — 7~ samples, assuming again standard-model-like be-
havior of the di-higgs system [I].
| Channel | Number of events | o - BR(h — v7) [fb] |

ool 1930000 110.1
VBF 984000 8.6
WH 246200 3.1
ZH 247800 2.0
ttH 49800 1.2

3.4. Hadronic jet reconstruction

Unbound partons produce showers of a multitude of hadrons, which in turn deposit energy
in the calorimeter. The reconstruction of the original parton follows an inversion of the
physical process: Depositions are combined into clusters with the goal that each cluster
contains the energy depositions of one hadron. The clusters are then combined in order
to obtain information about the original parton. This combination of clusters is an object
called jet and there are several methods to construct a jet with different sets of advantages
and disadvantages. One class [50] of sequential clustering algorithms is described in the

next section (3.4.1)).

3.4.1. Jet reconstruction

The inputs for the k; reconstruction algorithm [50] (and its variations) are charged par-

ticle tracks, energy clusters or truth hadrons - in this analysis clusters only relying on
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3.4. Hadronic jet reconstruction

information of the calorimeters are used (called LCTopo clusters). In the following the
input objects are referred to as protojets. The algorithm lists for every protojet the quan-
tity d;p and for every possible permutation of two protojets, ¢ and j, the quantity d;; as

follows:

. 2 2
dij = mln(pTI,)ivaZ,)j) R2

2p
dip = pr

Where pr; is the transverse momentum of protojet 1, AR?j = (yi —yj)* + (¢ — ¢;)?

is a measure of the angular separation between the two protojets, with the rapidity v,

defined as: y = %ln (gfzz), whereby E and p, are the protojet’s energy and momentum
along the z-axis. R is a measure for the size of the jet cone. The parameter p defines
different algorithms, while p = —1 corresponds to the anti-k; algorithm which was used
to construct the jets for this analysis, p = +1 corresponds to the k; algorithm, which is
used in the construction of the substructure variables called N-subjettiness, see section
[3.4.4] The parameter p is a measure for the relative power of energy versus geometrical
scale.

If now the smallest calculated value in the list is of the type d;;, the protojets 7 and j
are combined (they produce a new protojet which has the added four-momenta of i and
j). If it is of type d;p, i is called a jet and removed from the list of protojets. After this
step the list is updated as the set of protojets changed. This procedure is repeated until
no protojets are left.

There is no perfect algorithm. How they combine the same clusters in the y-¢ plane
is depicted in figure The k; algorithm approximates the inversion of QQCD branching
processes, by first combining the smallest energy depositions, while the anti-k; algorithm
yields cone-shaped jets, which as they start reconstruction from high energies are less

sensitive to pile-up and the underlying event.

3.4.2. Jet mass, calibration, grooming

For a jet based on calorimeter-cell clusters, J, with cluster constituents, {i}, the calorimeter-

calo s defined as:

-\ (5E) - (5e)

based jet mass, m
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3. Experimental apparatus and methods

Figure 3.3.: Jet reconstruction using the anti-k; and k; algorithms. The methods are
similarly valid but differ substantially in their results. Energy depositions
are shown in the y — ¢ plane with their py depicted on the z-axis. The
different colors represent different jets. The exact same MC generated
event was used [50].

with E; and p; being the energy and momentum of cluster i.

To in addition utilize tracking information, the so called track-assisted jet mass, m™,
is used. For the definition, an association between jets and tracks is necessary, which
is done using so called ghost-matching. Ghost-matching is a procedure, which does not
directly rely on a matching from jet to a given track with a AR criterion. Instead the
track in question is added with an infinitesimal energy to the input of the jet algorithm.
If the algorithm includes the track in the jet, the jet and track are ghost-matched.

The track-assisted jet mass, m™ is defined as:

calo
TA br track
m — track :
pr

Here calo is the transverse momentum of the calorimeter jet. For the associated tracks

T )

the four—vector sum 1is Calculated: frack is the transverse momentum and mtrack is the
T

invariant mass of this sum.

Electromagnetic showers will also be produced inside hadronic showers. This effect
as well as the necessity to use sampling calorimeters (to reduce cost and to separate
the function of producing a particle signal (deposition) and reading it out) and a finite
detector length make a recalibration necessary (EM-scale calibration). Additionally nu-
clear reactions, i.e. the creation of new bound states, occur which result in the fact,
that hadronic interactions inherently involve undetectable energy deposits. This requires

additional calibration, which is done on the energy cluster level.
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3.4. Hadronic jet reconstruction

When the jets are constructed, they also have to be calibrated in order to compensate for
further effects related to the detector design. To calibrate the energy of a jet, a comparison
is performed between the reconstructed jet energy to the energy of a corresponding truth
level jet (in MC) and the reconstructed jet energy is scaled accordingly. This calibration
is executed by studying y+jet events, in which the photon can be well measured. Due
to momentum balance this yields information about the recoiled jet. A jet mass scale
calibration is performed against known mass peaks like W-boson and t-quark [51H54].

For large radius jets (see sec. a correction also has to be applied to account
for the underlying event or pile-up (additional processes, which do not stem from the
primary interaction in question). For this, a grooming procedure is applied [55]. As
with the jet reconstruction algorithms, there is no single correct way to reduce pile-up
from a jet and consequently several methods are available. The algorithm used in this
analysis is called trimming [56] and is depicted in figure Using the k; algorithm with a
distance parameter Ry, the constituents of the jet in question are combined into subjets.
Subjets with a pr below a certain percentage of the total jet’s pr, feu, are discarded: All
associated clusters are ignored when the total jet is reconstructed. In this analysis the
following values are used for large radius jets: f.,x = 0.05 and Ry, = 0.2.

For small radius jets (anti-k;(R = 0.4)), no grooming is applied, but rather a JetVer-
texTagger (JVT) [57] is used to determine if they stem from pile-up effects.

-

~~~~~

Initial jet . piT/p',;?t < feut Trimmed jet

Figure 3.4.: Depiction of the grooming method called trimming [56]. From the con-
stituents of an initial jet, the k; algorithm with R = Ry, is used to build
subjets. Subjets with a pr below a percentage of the total jet pr, fou are
discarded. The trimmed jet is reconstructed from the constituents of all
the remaining subjets.
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3. Experimental apparatus and methods

3.4.3. Large radius jets

At ATLAS, the nominal size parameter for anti-k; jets is R = 0.4. This aims to resolve
individual jets which originate from original partons in the collision. For a two-body-
decay, the higher the momentum of the mother particle, the closer the four-momenta of the
daughter will be in the lab frame. A rough estimate for the angular separation AR between
the two daughters is AR ~ 2my;/pra (for negligible masses of the decay products)
with the mother particle’s mass my; and transverse momentum pz ;. A W-boson with
pr = 400 GeV could therefore decay into two quarks with an angular separation of
AR = 0.4, equal to the size parameter of an anti-k;(R = 0.4) jet. This results in the fact,
that highly boosted topologies of resonant di-Higgs production at the order of mpy =1
TeV cannot be resolved using one anti-k;(R = 0.4) jet for each parton.

When using anti-k;(R = 1.0) jets, one aims to include several partons of a given decay
inside one jet and can then introduce substructure variables (see sec. to obtain
additional information to help identify the origin of the jet. Those jets are referred to as
‘large radius jets’, meaning jets with a large size parameter R. Note however, that despite
this naming convention, the size parameter is not identical with the jet’s radius.

In this study fast simulation methods were also used to create Monte Carlo samples as
described in sec[3.3] The modeling of tracks is identical in the fast and the full simulation,
while the simulation of the calorimeter response differs. Therefore, track-assisted mass was
used in this analysis. The different performances in fast and full simulation of calorimeter
mass and track-assisted mass are shown in figure[3.5] Another reason to use track-assisted
mass is, that tracks can be resolved, even when they are very close to one another - whereby

when energy clusters are merged, information is lost.

3.4.4. Jet substructure

Substructure variables are based on information on the energy distribution inside a jet
and can help to identify the nature or origin of the jet. There is a multitude of sub-
structure variables, of which one is used in this analysis. The goal of the variable called
N-subjettiness is to obtain information as to how many prongs are included in a given jet.
This aims to investigate the number of initial partons, grouped together into one single
jet. N-subjettiness is a pr weighted sum of angular distances between the jet constituents
and N subjet axis. Such subjets are calculated using the k;-algorithm. The value 7y is
calculated by reclustering all constituents of the jet into exactly /N subjets and calculating
the average distance between each constituent and the closest subjet. N-subjettiness 7y

is defined as:
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Figure 3.5.: Performance of the two mass definitions described in section in the
context of fast and full simulation. Depicted is the mass peak of the Higgs-
boson, reconstructed by one large radius jet. The track-assisted mass is
less sensitive to the type of simulation.

1

™ =— me min(ARy;|k =1,...,N)
do ieJ

do = ZPT,iRo
icJ

for subjets ¢ and jet J.

When every subjet is close to all of the constituents it is composed of, 7y remains small,
as soon as a ‘wrong’ constituent is grouped to a subjet, the value increases sharply. So the
calculation of 7y gives a lower limit on the number of subjets: If a jet is best described
containing N subjets, the variable 75 should be much smaller than 7, _;. The interesting
value to study is therefore their ratio. If one expects a N-prong jet (with N > 2) but a
significant number of events in which only N — 1 prongs are reconstructed, one can utilize
the product of 7y /7n_1 and Ty_1/Ty_2, or simply 7n/Tn_2.

To base the substructure variables on the track information, the ghost-matched tracks
of a jet are used to construct a purely track-based version of the same jet. From this, the
track based substructure variables can be calculated. This also aims to reduce sensitivity
to the simulation type (fast or full simulation). Figure shows a comparison of a
purely track-assisted and a nominal substructure variable in dependence of simulation
type. It can be concluded, that the sensitivity on simulation type is much smaller for the

track-based substructure variable.
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Figure 3.6.: Performance of nominal and purely track-based substructure variable 74,
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for both simulation types. Track-based substructure is largely insensitive
to using AFII, while the nominal substructure shows strong deviation from
the full simulation results. Used are anti-kr(R = 1.0) jets.



4. The process hh — yvYWW* and

selection criteria

4.1. Boosted event topology

This analysis focusses on the channel hh — yyW W™, with hadronically decaying W-bosons
(see figure with a boosted topology. The choice of the channel is motivated on the one
hand by low background and high resolution of the decay h — ~+ and on the other hand
on the high branching ratio of h — WWW*, second only to h — bb (see table . Since the
processes h — WW™* and h — ~~ have already been observed and are consistent with SM
prediction [9, 58], this analysis is suited to investigate BSM models like those predicting
a heavy Higgs-boson, H, with a H — hh vertex. The decision to focus on hadronically
decaying W-bosons is also motivated by the larger branching ratio, BR(W — q¢') =~ 67%.
The final branching ratio of hh — yyWpaaW,,; is 0.044 % [16].

Furthermore, due to the fact, that high resonance mass points have not yet been inves-
tigated in this channel, a boosted topology is studied, where the decaying SM Higgs-boson
(h — WW*) is boosted such that its (final) decay products cannot be resolved using the
Anti-k, (R = 0.4) jet as described in chapter [3.4.3] Heavier resonances, result in higher
pr of the Higgs-bosons, such that the decay products, which are produced back-to-back
in the frame of the mother particle, are close to one another in the lab frame, due to the
Lorentz boost of high pr particles.

At this point three possible approaches were considered (see figure :

» Focus on the fully boosted topology, where all four partons are reconstructed in one

large radius jet.

« Focus on the semi boosted topology, where each pair of partons stemming from one

W-boson is reconstructed as one large radius jet.

o Select inclusively, such that both topologies are considered.

To allow for radiated jets (i.e. jets stemming from radiated gluons), it was decided to

not focus on exactly one or exactly two large radius jets. The remaining options were to
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qqq9g

Figure 4.1.: Depiction of the resonant topology: In a proton proton collision a heavy
scalar resonance X is produced and decays into two light Higgs, h, which
in turn decay in WW and ~~. The W-bosons decay hadronically. As the
system is boosted, the final quarks are drawn close together.

select events with at least one large radius jet (i.e. allow for both topologies) or to select
at least two large radius jets. The former was chosen for two reasons: On the one hand,
the expected maximal distance between two partons, which are farthest away from each
other can be estimated to be on the order of the size parameter of one large radius jet
(for a heavy resonance at my ~ 1 TeV). On the other hand, the jet multiplicity in several
signal samples was checked, also showing a significant number of events with only one
large radius jet.

The distance between decay products, p; and ps, from parent particle, M, can be esti-

mated by AR(p1,p2) ~ i;”ﬁ , if the masses of the decay products are negligible. Assuming
an even splitting of pr through the whole process (i.e. the pr of both Higgs-bosons is
identical and the pr of both W-bosons is identical), the AR between the two W-bosons,

W;, for a heavy Higgs-boson with my = 1 TeV is expected to be roughly

2125
AR(Wl, WQ) ~ W - 05,

28



4.1. Boosted event topology

while the partons from each W-boson, W;, are separated by

2-80
AR(pi,lapm) ~ T5O = 0.64.

For the maximal estimated distance of the farthest two partons (arbitrarily chosen to
be p11 and pss), one can assume a completely planar decay (all decays are in the same

plane). So for the farthest estimated distance for my = 1 TeV, one obtains:
1 1
AR(p1,1,p22) = AR(W1, Wa) + 5 AR(p1,1,p12) + 3 AR(p21,p22) = 1.14

This maximal distance is close to the distance parameter of one Anti-k;(R = 1.0) jet,
which makes a successful resolution into two large radius jets unlikely. However, it must
be noted, that this estimation assumes the masses of the decay products to be negligible
compared to the mother particle. This is only true for H — hh and the hadronic decay of
the W-boson, but not for the vertex h — WW™*. Consequently the presented estimation
only yields a hint, as to what topology is dominant and requires further investigation of
the jet multiplicity.

Figure [£.3] shows the jet multiplicity for signal samples. The ratio between the number
of events with one large radius jet and those with two large radius jets, is roughly 2
for the investigated resonant di-Higgs processes, while roughly 4 for the non-resonant
production. The fully boosted topology is therefore not negligible, but dominant. By
requiring at least one large radius jet, this analysis is sensitive to both the fully boosted

and partially boosted topologies.

29



4. The process hh — yyW W™ and selection criteria

(a) Fully resolved (b) Partially boosted

(c) Fully boosted

Figure 4.2.: Idealization of different topologies of h — Wy W}, (a) All partons are
resolved with small radius jets, (b) the two parton pairs stemming from
W-bosons are reconstructed with one large radius jet each and (c) all par-
tons from the initial Higgs-boson are reconstructed in one large radius jet

().
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Figure 4.3.: Anti-k; (R = 1.0) jet multiplicity in the signal sample for non-resonant
di-Higgs production, as well as for three different resonant mass points. It
can be concluded, that the fully boosted topology can not be neglected.
Consequently an inclusive selection of both topologies is chosen.
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4.2. Object definitions

From the signals of the various detector elements, objects are defined. These objects aim

to represent the physical particles, that produced the signals in the detector.

4.2.1. Photons

Photons are reconstructed in two different ways: Either by reconstructing from energy
clusters in the electromagnetic calorimeter, or by matching tracks in the inner detector
with those energy clusters. The latter is only possible when the photon indirectly creates
two tracks, which occurs when the photon is converted into an electron-positron-pair
(v — ete) in the inner detector. For unconverted photons the reconstruction of energy
clusters with no associated track is necessary. The particle identification working points
‘Loose’ and ‘Tight’ [59] are used. The latter is the final requirement on the photon ID and
has an expected efficiency of ~89%. Furthermore, the isolation criterion ‘FixedCutLoose’
[59] is used. In this analysis only photons are considered which possess the following
properties: || < 2.37, [n| ¢ {1.37,1.52}, pr > 25 GeV. The exclusion of 1.37 < n < 1.52
is due to the transition between barrel and end-cap calorimeter in this range, where the

detector is not reliable.

4.2.2. Leptons

Electrons are also reconstructed by matching a track of the inner detector with en-
ergy clusters in the electromagnetic calorimeter. The particle identification working
point ‘Medium’ (having an efficiency of ~90%) and the isolation criterion ‘Loose’ [60]
are used. In this analysis, electrons are only considered when they fulfill: || < 2.47,
In| ¢ {1.37,1.52} and pr > 10 GeV.

Muons are reconstructed by matching tracks in the inner detector with tracks in the
muon spectrometer. The particle identification working point is ‘Medium’ and the iso-
lation criterion is ‘GradientLoose’ [6I]. Muons are furthermore required to have the

characteristics: |n| < 2.7 and pr > 10 GeV.

4.2.3. Jets

Anti-k; (R = 1.0) jets with |n| < 2 and py > 200 GeV are considered in this analysis. The
jets are trimmed with f.,; = 5% and R, = 0.2 as described in . The jet calibration

is based on the track-assisted mass.
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4.3. Overlap removal

For the overlap removal discussed in section , Anti-kr(R = 0.4) jets are used. Only
jets having pr > 25, || < 4.4 and (JetVertexTagger, defined in reference [57]) JVT > 0.59

are considered.

4.3. Overlap removal

Due to the fact of parallel object reconstruction, it is possible, that the same energy
deposition is used for the construction of several objects. For example photons and leptons
also occur inside hadronic showering processes, prima facie resulting in double-counting
of depositions, once as photon/lepton, once a jet. In order to correct for this behavior,
an overlap removal is applied, removing overlapping objects aiming to only keep the true
physical object in the collection. The procedure is as follows and in the following order.

In parenthesis the aim of the rule is stated:

 Electrons, e, are discarded if AR, < 0.4 for any photon, .
o Anti-k(R = 0.4) jets, j, are discarded if AR;, < 0.4 for any photon, .
o Anti-ky(R = 0.4) jets, j, are discarded if AR;; < 0.2 for any lepton, .

 Leptons, [, are discarded if AR;; < min(0.4,0.04410 GeV /pr;) for any Anti-k (R =
0.4) jet, 7 . So non-prompt leptons resulting from decays of hadrons inside an

hadronic shower are removed, while boosted leptons are kept.
» Muons, p, are discarded if AR, < 0.4 for any photon, .

o Anti-k; (R = 1.0) jets, J, are discarded if AR, < 1.0 for any photon, 7.

This procedure deviates from a nominal overlap removal by the pr dependent removal
of leptons. This aims to allow for boosted leptons to remain in the selection: Assuming
a semileptonic decay of the WIWW* system, for heavy resonances, the angular separation
between lepton and jet is small. It can be further assumed, that in this case the leptons
carry significantly more py than leptons which are produced in the showering process. To
remove the latter and not the former, the AR criterion is sensitive to py,; such that for high
pr leptons a smaller angular separation is allowed. Despite the focus on the hadronic decay
in this analysis, this procedure was chosen to ensure, comparability with later semileptonic
analysis. The semileptonic analysis will in addition need a removal between leptons and
large radius jets, such that leptons faking a large radius jet are removed. As a lepton veto

is implemented for this study, this removal was omitted without loss of orthogonality.
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4. The process hh — yyW W™ and selection criteria

4.4. Event selection

An event is considered in this analysis, if it fullfills several groups of criteria, defined
below. These are called preselection, photon selection, diphoton selection, jet selection

and vetoes, as well as an optimized AR, criterion discussed in chapter [4.6]

o Preselection includes exhaustively checking detector quality and good run list for

data and requires exactly two loose photons matched to the primary vertex.

o The photon selection is passed if the two selected photons fulfill the tight identifica-
tion criterion, as well as a relative pr cut. For the invariant mass, m,., of the two
photons 7, 72, whereby 7 is higher in pr than 75, the relative pr cut is fulfilled, if:
Py /My > 0.35 and pr ., /m,, > 0.25. Both photons must also have a minimum
pr of 25 GeV.

« The diphoton selection requires 105 GeV < m,, < 160 GeV, as well as m,, to be
inside (signal region) or outside (control region) the Higgs mass window. The Higgs
mass window is defined as the interval [(125.09 — 3.4) GeV, (125.09 + 3.4) GeV].

This is the interval of my + 20, with the photon mass resolution o,.

o The jet selection requires the presence of at least one Anti-k; (R = 1.0) jet, with
In| < 2 and pr > 200 GeV.

» Vetoes on b-jets and leptons (electrons and muons) are in place. The b-tagger is
MV 210 [62] with a working point of 70 % b tagging efficiency).

« AR,, < 0.75, this cut is motivated in section

The combination of all cuts, without but AR,, < 0.75 is in this thesis also referred to

as the ‘un-optimized selection’.

4.5. Continuum background estimation

For the optimization of the event selection the signal yield, s, and the background yield,
b, are required. The optimization is described in chapter For this purpose, however,
an estimation of the background yield is necessary. As the decay h — 77 should yield
m.~ close to my; with high resolution the photon side of the event is used for background
estimation. Consequently, the background consists of the MC generated h — vy samples
described in chapter [3.3] as well as of a continuum background estimated from the control

regions. For this estimation the diphoton mass spectrum in the sidebands was considered.
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4.5. Continuum background estimation

The sidebands are defined as the regions in data where 105 GeV < m,, < 160 GeV and
My ¢[(125.09 —3.4) GeV, (125.09 4 3.4) GeV]). A fit is performed in order to interpolate
from the distribution of the control region into the signal region. The integral of the fit
function within the Higgs-boson mass window corresponds to the estimated background
yield from the continuum background. For the fit a first order exponential was used
(f(mys) = exp(a + b - m.,)).

Figure [4.4] shows the sideband fit after application of preselection, photon- diphoton-

and jet selection with applied vetos (un-optimized event selection) for 22.7 fb=.
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Figure 4.4.: Sideband fit for 22.7 fb~! with the following cuts applied: Preselection,
photon selection, diphoton selection, jet selection, vetoes. The integral of
the fit inside the signal region approximates the yield of the continuum
background. Fit details, integral within the signal region for the final fit
are discussed in section . (The first and last bin are scaled up, as they
lie partially outside the considered diphoton mass range and are therefore
only partially filled.)
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4. The process hh — yyW W™ and selection criteria

4.6. Optimization

The optimization was performed maximizing the value of the Cowan significance, Z =
\/2((3 + ) log(1 + s/b) — s) [63], for signal yield, s, directly counted from the MC signal

sample and the background yield, b, which is the sum of the data-driven continuum

background estimate and the MC background samples.

As the data sets were still being processed at this point of the analysis, the optimiza-
tion was performed using 22.7 fb=! of data, the event yields in data for the continuum
background however were scaled up to estimate the significances for the full data set of
36.5 fb~1.

A scan over several cut values for different parameters was performed in order to max-
imize the Cowan significance. In order to avoid significant correlations, one parameter
with high seperation power belonging to the photon side (AR,,) and one belonging to
the W-boson side (742) of the topology were chosen. The AR, distribution is expected
to be sensitive to the boost of the photons mother particle, which in turn is expected to
be much higher for heavy resonances than for the majority of background processes. 749,
on the other hand, is sensitive to the likelihood of the jet to be rather a 4-prong than a
2-prong jet as described in section For the fully boosted topology, a 4-prong jet is
expected for the 4 partons stemming from the two W-bosons. To allow also for 3-prong
jets which could stem from the loss of one parton (either by errors in the reconstruction
or due to a semi boosted topology with 3 partons in one, and 1 parton in a second large
radius jet), 749 instead of 743 was chosen. In addition, previous studies have already ob-
served, that 745 has higher performance than 743 in the context of tagging 4-prong jets
[64]. For completion, a discussion of 743 containing distributions is given in appendix [A.2]

Furthermore, the procedure of interpolation assumes that the cut parameters are largely
independent of m.,,. Only in this case, the upper and lower sideband of the m. spec-
trum can be assumed to give valid estimations of the background in the signal region.
The validity of this assumption can be seen in the corresponding distributions of the
parameters.

Figures and show the normalized distributions of AR, and 745. Both indicate
the separation power of the variables as well as the validity of the interpolation from
both sidebands: The upper and lower sideband agree largely within their uncertainties.
The expected correlation for AR, following AR ~ 2m/pr (see chapter [3.4.3)), predicts
the lower sideband to be slightly shifted towards lower values of AR, than the upper
sideband. The distribution also shows a small hint in favor of this expectation.

Figures 4.7 and show the significance as a function of an upper limit cut on the

parameter AR, and 749 respectively.
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Figure 4.6.: Normalized distributions of 749, the sidebands are based on 22.7 fb~!.

It follows that the cut on AR, should be given priority, due to higher significance.
The cut value was chosen to be at 0.75 for two reasons: Firstly, the maximum at 0.685
appeared as a statistical fluctuation, such that it was decided to pick a point on the
smoother slope. Secondly, a looser cut was preferred as this analysis has low statistics.

Figure [4.9 shows the significance as a function of an upper limit cut on the parameter
T42 after applying the cut AR(y7v) < 0.75. This optimization showed slight improvement
in significance, but strongly limited the quality of the sideband fit due to too few events
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Figure 4.7.: Significance as a function of a cut AR,, < X, the sidebands are based on
22.7 fb~!. For visual purposes, the error bars were omitted.
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Figure 4.8.: Significance as a function of a cut 745 < X, the sidebands are based on 22.7
fb~1. For visual purposes, the error bars were omitted. The isolated max-
imum could be traced back to a statistical fluctuation, when investigating
the 745 distribution with fine binning.

in the sidebands. The requirement for the fit was set to be a minimum of five events in
the sidebands, which is the reason for no calculated significance below 745 (upper bound)
< 0.375 . As a result, 740 was discarded as a variable to select events. For the same reason

(limited statistics) no further cuts are implemented.

For all following sections, the complete dataset of 36.5 fb~! was used.
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4.7. Cutflow and final fit
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Figure 4.9.: Significance as a function of a cut 742 < X, given AR(yv) < 0.75. The cut
value, X, corresponding to the maximum significance is printed in the top
left of the plot. For visual purposes, the error bars were omitted.

4.7. Cutflow and final fit

The cutflow for the complete set of selection criteria is shown for the sidebands, the MC

background, non-resonant and resonant my = 1 TeV MC signals in table[4.1] In appendix
every signal contribution is listed.

Table 4.1.: Cutflow for data, backgrounds, non-resonant signal and one resonant signal

sample.

Cut my~ sidebands |  MC-bkg | non-resonant | H — hh (my =1 TeV)
Preselection 33554432 2221.3 £2.4 | 9.86 +£0.03 10.64 £0.07
Photon sel 2249321 1601.5 £2.1 | 7.26 £0.03 8.28 £0.06
Diphoton sel 28368 1445.6 £2.0 | 6.41 £0.03 7.47 +£0.06

Jet 358 32.00 £0.29 | 2.99 £0.02 5.06 £0.05

Veto (b and lep) 338 26.86 +0.26 | 1.94 +0.02 3.18 +£0.04

AR 74 4.78 £0.11 1.3 £0.01 2.28 +0.03

The final sideband fit was performed, using the complete dataset of 36.5 fb~! and is
shown in figure The fit parameters are listed in table [£.2] For the fit quality, it is

useful to investigate the number of degrees of freedom, NDf and the value of x?, defined

as [65]

with the observed number of events in bin ¢ denoted as O; and the - based on the fit
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4. The process hh — yyW W™ and selection criteria

- expected number E;. There are two approaches to validate the fit quality. Firstly, it is
useful to calculate x?/NDf and check, that the value is close to unity - which is a first
sign of a valid fit. With x?/NDf = 1.14 this is the case. Secondly, one can calculate
the probability to see a x? greater to the actually calculated x? given the hypothesis - in
this context the fit - is correct. This calculation is done by integrating the x? distribution
for a given value of NDf from 0 to the actually calculated x? value. Performing this
calculation yields a probability of about 64 % that y? > 6.84 assuming the fit is correct.
This can be interpreted as a high fit quality, as usually only values of 5% or lower are

considered reason to reject the fit results [65].
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Figure 4.10.: Sideband fit for the complete data set with all cuts applied. The integral
of the fit inside the signal region (depicted with vertical bars) approxi-
mates the yield of the continuum background.(The first and last bin are
scaled up, as the boundaries of the histogram are not identical with the
boundaries of the fit range.)

Calculation of the integral inside the Higgs mass window and the corresponding error
propagation was performed as follows:

Let f(a,b;m.,,) = exp(a+bm,,) be the fit function and o,, o}, o4 be the uncertainties
on a, b and the covariance between a and b respectively. Denote the Higgs mass window
as the interval [w_,w,]. It follows for the integral of the fit function inside this interval:

F(a,b,w_,w;,my,) (denoted simply as F):
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4.7. Cutflow and final fit

Table 4.2.: Fit parameters for the final sideband fit. Used function: f(z) = exp(a+b-z),
fit quality parameters: x? = 6.84 and (degrees of freedom) NDf = 6. Fit
range (with the exception of the Higgs mass window): 105 GeV < m,., <

160 GeV.

Parameter Value Correlation with a | Correlation with b
a 8.34 £0.76 1 -0.99
b -0.0476 +0.0066 -0.99 1

w 1
F= [ f(a,bim)dmo, = 3 (expla+ buy) — expla+ b)),

The error on F, denoted as o, is based on the general error propagation formula:

or

— 87F22_|_ 87F22+267F87F
“\oa) e\ ) T80 ap 7

and is consequently given as:

2
o2 = F2% ¢ <_F+ wy exp(a + bwy ) —w_ exp(a+bw)> )

b b i
LR (_ZZ 4 W exp(a + bw,) ; w_ exp(a + bw)) o

Based on the 74 events in the sidebands, the estimated data-driven background con-
tribution is 10.89 4 1.22 (only considering statistical uncertainties). Due to the strong
anticorrelation of the fit parameters, the error is approximately 12%. However more
aggressive cuts would lead to the procedure of performing a fit into the signal region

unfeasible, as the statistical uncertainty would increase dramatically.

Event yields for MC backgrounds and signal are listed and discussed in the following
section (4.8
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4. The process hh — yyW W™ and selection criteria

4.8. Event yields for signal and background

estimation

Table shows the event yields for the various contributions: continuum background,
every MC background and MC signal for non-resonant and resonant (500 GeV < mpy <
3 TeV). The data-driven background estimate is the dominant background. The ggF

contribution however is only about 60% smaller. Only statistical uncertainties are quoted.

Table 4.3.: Yields for various contributions after event selection, only considering sta-
tistical uncertainties.

’ Channel ‘ Event yield ‘
Cont-Bkg 10.89 + 1.22
geF 3.43 +0.09
VBF 0.68 + 0.04
WH 0.32 +0.02
ZH 0.20 +0.01
ttH 0.17 +0.02
Bkgay 15.69 + 1.23
non-reso 1.30 £ 0.01
mpy = 500 GeV | 0.02 +0.01
myg = 750 GeV | 0.34 £0.01
my = 1000 GeV | 2.28 +£0.03
mpy = 1500 GeV | 4.77+0.03
mpy = 2000 GeV | 6.02 +0.04
mpy = 2500 GeV | 5.40 £ 0.04
mpy = 3000 GeV | 3.82+£0.03

In addition to finalizing the event selection it is necessary to finalize the background
estimates, before the signal region can be unblinded (i.e. data events inside the Higgs
mass window can be analyzed), which in this context amounts to counting the observed
events in the signal region, that pass the event selection. The next section will discuss
the systematic uncertainties, which are a relevant part of the background (and signal)

estimation and therefore a prerequisite to unblinding.

4.9. Systematic uncertainties

Next to statistical uncertainties, also systematic uncertainties were considered. Systematic
variations were applied for every MC sample to account for the imperfect simulation of

data. Furthermore, the process of performing a sideband fit for determining the continuum
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4.9. Systematic uncertainties

background is also subject to systematic uncertainties. Due to time constraints, a subset of
systematic uncertainties was considered, particularly containing those, which are expected
to be the most important for this analysis.

The various systematic uncertainties are described in section [4.9.1] the most signifi-
cant applied systematic uncertainties are listed in table [£.4] while all applied systematic
uncertainties are presented in the appendix. Further systematic uncertainties, that were

neglected in this analysis due to time constraints are described in section [£.9.2]

4.9.1. Applied systematic uncertainties

For the data-driven estimation of the continuum background three systematic uncertain-
ties were considered. In each case the effect on the predicted event yield was symmetrized:
When a fluctuation changes the event yield Y to Y + AY an uncertainty of +AY was
applied.

o Variation of the fit range: For the calculations the fit range was set to be 105
GeV < m,, < 160 GeV. To estimate the systematic uncertainty, the fit range was
decreased to 110 GeV < m., < 155 GeV.

« Variation of the signal window: The signal window was increased by 3.4 GeV from
121.69 GeV < m., < 128.49 GeV (my, £ 20,) to 119.99 GeV < m.,, < 130.19 GeV
(mh + 307).

o Modification of the functional form of the fit: Instead of fitting a first order ex-
ponential function f(z) = exp(a + b - z), a second order exponential function

f(x) =exp(a+0b-z+c-2?) was used.

For the MC background and signal samples, the following systematic uncertainties were

considered:

e Theory uncertainty on production cross section and branching ratio as listed in
reference [16]: While for background both uncertainties play a role, for signal only
the branching ratio uncertainty is relevant, as the production cross section was

assumed to be exactly 1 pb. A 1o variation was considered.

« Uncertainties on the jet energy scale (JES) and jet energy resolution (JER) were

applied [66]. A 1o variation was considered.

« A scale factor for the photon ID efficiency (PID) was taken into account [67]. A 1o

variation was considered.
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4. The process hh — yyW W™ and selection criteria

o An uncertainty on the luminosity of 4.1 % was considered.

o The used signal samples were produced using fast simulation. A systematic uncer-
tainty connected to using fast simulation was estimated by comparing one full simu-
lation sample and one fast simulation sample of one resonant mass point (my = 1.5

TeV). The corresponding difference in the event yield was again symmetrized.

Table 4.4.: Applied systematic uncertainties and their effect on the event yield for the
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various contributions.

Systematic Effect on yield | Contribution
Uncertainty (up, down in %) affected
Luminosity (+4.1, -4.1) MC
Fit-window (+13.8, -13.8) cont. bkg
Sig-window (+20.1, -20.1) cont. bkg
Functional form fit (7.4,-7.4) cont. bkg
Theo. o - BR (+4.9, 6.9) MC Bkg
Theo. BR (+1.8,-1.8) MC Sig
ATLfast/Fullsim (+9.9, -9.9) MC Sig
PID (+2.1, 2.1) MC Bkg
(+2.3, -2.2) MC Sig
JER (+0.7, -0.9) MC Bkg
(+0.4, -0.5) MC Sig
JES (+0.8, -0.8) MC Bkg
(+0.8, -0.8) MC Sig




4.9. Systematic uncertainties

4.9.2. Other systematic uncertainties

For further improvements of this analysis, the following systematic uncertainties should

also be considered:

« Photon energy resolution and photon energy scale uncertainties [67]: As photons
are an integral part of this analysis, these are expected to be the most relevant

systematic, that was not applied.

» Lepton identification, energy scale and energy resolution uncertainties: This aims to
account for detector resolution, uncertainties in the scale factors of electromagnetic
calorimeter and scintillator response and temperature effects. In addition uncer-
tainties on the reconstruction in the inner detector have to be considered. These

uncertainties play a role, as a lepton veto is applied.

o b-tagger uncertainties: As a b-veto is applied in this analysis, the uncertainty on

the b-tagger influences the event yield and should therefore be analyzed.

o Uncertainties on the pile-up reweighting of MC: Pile-up reweighting takes the effect
of additional collisions and interactions into account, which are not tied to the

primary interaction in question.

« Uncertainty on spurious signal, following the procedure described in [68]: A signal-
plus-background fit is performed for various signal hypotheses in a background-only
sample. The resulting ‘false’ signal yield is taken as an uncertainty, as it is only an

effect of the background modeling.
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5. Results

This chapter describes the final background estimation, analysis of data inside the signal
region [5.1] and consequently limits on di-Higgs production [5.2

5.1. Final cutflow and event yields

Following table [£.3| and table [4.4] the final background estimation can be calculated. The
continuum background estimation amounts to 10.89 £+ 1.22 (stat) +4.50 (syst) events,
while the MC background SM h — v amounts to 4.8 4 0.11 (stat) 025 (syst) events.

The total background estimation, nyyg, is therefore:

Mok = 15.69 & 1.23 (stat) 7522 (syst).

With both the event selection and the background estimation fixed, the event yield in
the signal region can be analyzed. Table shows the cutflow for the observed events in
data, showing 12 events after applying the complete event selection. Less events are ob-
served than expected in the background-only hypothesis, however the number of observed

events is consistent with the expected background yields within uncertainties.

Table 5.1.: Cutflow table for data events in the signal region. After all selection criteria,
12 events remain in the signal region.

cut data
Preselection 33554432
Photon sel 2249321

Diphoton sel 73949

Jet 654
Veto (b and lep) 611
AR 12

47



5. Results

5.2. Limits

As no excess has been found, an upper limit scan was performed, utilizing the HistFitter
package [69]. Tableshows the upper limit for the non-resonant production mode, while
the limits for the resonant production modes are depicted in Figures (considering only
statistical uncertainties) and (considering statistical and systematical uncertainties).
The effect of the considered systematic uncertainties on the upper limit is at about 10 %

for the various channels. The observed limit is within 1o of the expected limit.

Table 5.2.: Observed and expected upper limits for non-resonant production, with and
without taking systematic uncertainties into account

Nonresonant mean | +1lo | +20 | —1lo | =20
Upper limit on ¢ - BR [pb]
Observed 6.36
Expected 8.26 | 12.33 | 18.14 | 5.77 | 4.16
Observed (stat-only) 5.51

Expected (stat-only) 7.57 | 11.32 | 16.58 | 5.22 | 3.75
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Figure 5.1.: Results of the upper limit scan for various hypothetical values of my. Only
statistical uncertainties are taken into account.
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Figure 5.2.: Results of the upper limit scan for various hypothetical values of my.
Statistical and systematical uncertainties are taken into account.

For the limits on the resonant di-Higgs production, two aspects have to be noted.
Firstly, mass points below 500 GeV, namely 260, 300 and 400 GeV are not shown. How-
ever, as already indicated by the sharp rise in the upper limit for 500 GeV, this analysis
exhibits little significance in this mass range. Below 500 GeV, the fitting procedure is
unstable, as too few signal events pass the selection criteria. The reason for this behavior
is directly connected to the topology of this channel: Below 500 GeV, the reconstruction
with at least one large radius jet is not feasible, especially because large radius jets are
only well understood for pr > 200 GeV and therefore a pr e cut of 200 GeV is applied.
This effect also explains the increase of sensitivity and decrease of the upper limit for
higher mass points up to 2 TeV. Secondly, another increase in the upper limit can be seen
above 2 TeV. This behavior can be connected to the limited resolution of the detector in
identifying photons. The photon side will also exhibit a significant boost for high mass
resonances, which will decrease the radial distance between the photons. However, further

study is necessary to ascertain the validity of this hypothesis.

49






6. Conclusion and outlook

As no evidence for di-Higgs production was found, limits on the production cross section
for non-resonant production as well as for a spectrum of mass points for heavy resonances
were set. The limits are at least on the order of pb and therefore two orders of magnitude
higher than the SM prediction for di-Higgs production. A comparison to previous studies
is difficult, because as of now (for /s = 13 TeV), the H — hh — yyWW™* channel was
only studied for mass points of my < 500 GeV. Comparing the limit for my = 500 GeV
with the results in [29], depicted in figure[2.9)in chapter [2] shows, that the limit calculated
here is about one order of magnitude higher. For the boosted regime, which was the focus

of the study presented here, a comparison is not yet possible.

However, the limiting factor of this analysis is low statistics. The data-driven estimate
of the continuum background is the major contributor to the background and even more
so to the uncertainties on the background yields (see section . Furthermore, the proce-
dure of performing sideband fits for estimation requires looser cuts, than would otherwise
be possible: The quality and feasibility of the fit is directly tied to the number of events
passing the cuts. More statistics could not only allow for better fits reducing uncertainty
on the continuum background but would also leave room for improvement when trying to
suppress h — 77 background, as then additional cuts focusing on the WW™* side of the
topology can be set. In this analysis only one parameter could be optimized on (AR,,),
later studies can aim to utilize for example substructure variables on the large radius jets
as well, some suitable variables are listed and discussed in appendix [A.2l When trying to
add further cuts to the event selection without increasing the dataset, it is also possible to
estimate the continuum background yield by not fitting sidebands into the signal region,
but rather into a control region. This is however far from ideal, as it introduces new as-

sumptions (i.e. that distributions in signal region and control region are largely identical).

Next to using more data, further studies along the lines of this analysis should increase
the number of considered systematic uncertainties, as several could not be regarded due

to time constraints.
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6. Conclusion and outlook

For low statistics searches, like the one presented here, it is crucial to combine every
channel available. One recommendation to combine this boosted analysis with an analysis

focusing on low mass resonances is explained in section in the appendix.

With data from the high luminosity LHC, the combination of channels can be expected
to be sensitive to a BSM increase in the non-resonant di-Higgs production as well as to
the presence of heavy resonances. Studies looking at heavy resonances and boosted final
states will become increasingly important. The analysis presented here can be re-done
with a larger dataset in the future, in the hope of improving our understanding of the

Higgs-sector.
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A.1. Study on combining analysis

The study presented here only investigated one particular decay channel of di-Higgs pro-
duction. Furthermore in this channel, the analysis focused on one regime, namely the
heavy resonant mass points at 0.5 TeV < my < 3 TeV. In order to be sufficiently sensi-
tive to BSM effects, every available regime of every available channel should be combined.
The following presents one investigation as to how to combine a boosted with a resolved
analysis of hh — yyWW™* with hadronically decaying W -bosons. The discussion focuses
one the resonant di-Higgs production.

Two aspects are crucial when combining two analysis:

o The orthogonality of the studies must be ensured.

o No sensitivity should be discarded.

A resolved analysis, utilizing small radius jets to reconstruct each parton, is mostly
sensitive to low resonance mass regions with my < 750 GeV. A boosted analysis only
becomes reasonably sensitive at high mass points with roughly my > 1 TeV as explained in
section .1} A naive approach is therefore to find a cut value in my below which a resolved
and above which a boosted analysis is performed. This would ensure orthogonality, but
violate the second aspect: Every sensitivity of the resolved analysis for high mass points
as well as every sensitivity of the boosted analysis for low mass points is lost.

However, a refined approach can be investigated: Combine for a cut and count analysis
the events which pass the event selection of the resolved analysis (R) with those, which
pass the event selection of the boosted, but not of the resolved analysis (B!R). Similarly
the events passing the boosted selection (B) can be combined with those passing the
resolved but not the boosted selection (R!B).

As now R and B!R as well as B and R!B are orthogonal to each other, in both com-
binations every available event is used. With this modification, one can now investigate

a possible cut-off value in my, such that below the value the events are counted which
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are in the categories R or B!R and above which the events are counted, which are in the
categories B or R!B. To find a cut-off value the distribution of significance in dependence
of my for the two combinations of categories is investigated.

The event selection of section [4.4]is used to define the category B, while for the category
R, the same selection is modified: The requirement of one large radius jet and the cut on
AR, are replaced by the requirement of at least 3 small radius jets (Anti-kr(R = 0.4))
with n < 2.5 and py > 25 GeV.

The following study uses the continuum background estimate as described in section
and 22.66 fb~! of data - scaled up to the full dataset, to get expected significances for
the final analysis.

Using the significance defined in section [4.6] figure shows the the significance in
dependence of my for the two combinations, while figure shows the significances of

every category and combination thereof.
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Figure A.1.: Significances for the combinations "Boosted and Resolved but not Boosted’
(B+R!B) and "Resolved and Boosted but not Resolved’ (R+B!R) for sev-

eral signal contributions. The significance of B4+R!B is always higher or
equal than the significance of R+B!R.

Figure clearly shows, that the combination B and R!B never results in less signifi-

cance than the combination R and B!R. Consequently no cut-off value needs to be chosen.
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Figure A.2.: Significances for the selection criteria 'Boosted’ and 'Resolved’ and their
combinations 'Boosted but not Resolved’ and ’Resolved but not Boosted’.
For low mass points, the boosted category yields no significance, conse-
quently 'Resolved’ and 'Resolved and not Boosted’ are identical. Begin-
ning at my = 0.75 TeV, the boosted outperforms the resolved category.

Instead the combination B and R!B should be used for every investigated di-Higgs signal.
The reason for the fact, that the combination B and R!B outperforms R and B!R can
be seen in the particular distributions in figure The boosted category has almost no
sensitivity for low mass points, such that vetoing large radius jets with pr > 200 GeV
does not reduce the significance of the resolved analysis. Consequently the sensitivity of

R is completely covered by R!B.

Finally it can be noted, that the shape of the sensitivity for the boosted analysis largely
coincides with the inverted distribution of the upper limits, described in section [5.2] The
reasons can be expected to be identical: The higher the significance, the better the ex-
pected upper limit. However, the fact that the boosted analysis has higher significance
at myg = 260 GeV than at my = 300 GeV can not be explained with the arguments
put forward in sec. 5.2l Whether a random fluctuation is the reason for this behavior or
rather an effect tied to the very small phase space of a my = 260 GeV heavy Higgs-boson
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decaying into two 125 GeV SM Higgs-bosons, was not investigated further, as it was not

the primary focus of this analysis.

Nonetheless it can be concluded from this study, that for the combination of the boosted
with the resolved regime in the channel hh — yyWjaaW},4, it is promising to combine
events passing the boosted event selection, described in section 4.4 with the events passing
the resolved but not the boosted selection.

It must be noted however, that this study compared the optimized boosted event selec-
tion with a basic selection for the resolved analysis. As a corresponding resolved analysis
is still ongoing at this point in time, no comparison with a final event selection was pos-
sible. The argument put forward in this study, namely, that the very low significance of
the boosted selection for low mass points, results in B + R!B outperforming B + R!B,
holds nonetheless: As the resolved analysis focuses on low mass points, further optimiza-
tion will increase the significance of R and R!B simultaneously, such that the proposed

combination B + R!B is still expected to outperform its counterpart.
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A.2. Investigated parameters

Next to the parameters discussed in section [4.6] several other parameters were investi-
gated. A few of which are listed in this appendix. All are on the basis of 22.7 fb=! and
show the two sidebands, the ggF contribution as well as the resonant signal for my =1
TeV. For all plots the un-optimized event selection was used (all cuts except for the AR

cut were applied). The investigation was subdivided into three parts:

o Investigation of parameters focusing on the WWW* side of the topology
o Investigation of parameters focusing on the v~ side of the topology

o Investigation of parameters focusing on the relation between the two sides

An example of a parameter connected to the WW* side is the N-subjettiness variable
743, depicted in figure [A.3] It noticeably performs worse than 743 as already described in
section [£.6] As the signal and background distributions in 743 largely agree within their

uncertainties, this variable was not considered further.
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Figure A.3.: Distributions of 743. No separation power is noticeable.

On the v side of the topology, it is possible to investigate the transverse momentum
of the diphoton. This variable should be sensitive to the mass of the resonance: Heavy
resonances should exhibit a higher pr,, than background processes. Figure [A.4] shows
the corresponding distributions. A clear separation power is noticeable, however, the

signal distribution is highly sensitive to the value of mpy of the resonant production. This
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sensitivity can be a difficulty when optimizing on only one mass point, as the optimization
can then not be expected to perform well for other mass points. Furthermore, a significant
correlation with AR, is to be expected (as AR, is also connected to the initial pr as

discussed in section (4.6l
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Figure A.4.: Distributions of Pr.,. Strong separation power is noticeable. This vari-
able is expected to be sensitive to the initial mass of a heavy resonance

(pTﬂ/’Y ~mp/2).

When comparing the two sides of the topology, the following two variables were inves-
tigated: The ratio of pr and the angular separation between the two sides. Here, a fully
boosted topology was assumed and the pr-leading jet was assumed to represent the WW*
side.

Figure shows the angular separation. Next to a small excess of background in the
tails of the distribution, no separation power can be seen. This validates however, the
back-to-back production of jet and diphoton.

Figure shows the ratio pr.,/prs. While a certain separation power is noticeable,
the signal distribution shows clear sings of the WW* side having less py. This is to be
expected, as only the leading jet was taken into account, which only is valid for the fully

boosted topology. However, here can with sufficient statistics also a cut be implemented.
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Figure A.5.: Distributions of AR;.,.. No separation power is noticeable.
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Figure A.6.: Distributions of pr.,/pr. Separation power is noticeable. The excess
of signal for high values is due to the fact, that only the leading jet was
considered, ignoring semi-boosted topologies.
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A.3. Cutflow table and event yield

Table shows the cutflow of all resonant signal samples, while table shows event

yields for all investigated channels, including data.

Table A.1.: Cutflow for resonant signal samples. Uncertainties on the final yields are
shown in table Sample notation follows the convention: XA corre-
sponds to my = A TeV.

Cut X500 | X750 | X1000 | X1500 | X2000 | X2500 | X3000
Preselection 9.08 | 6.71 | 10.64 | 11.32 | 11.46 9.8 7.36
Photon sel 6.49 | 5.07 | 8.28 8.99 9.14 7.67 5.3
Diphoton sel 5.67 | 4.52 7.47 8.18 8.32 6.97 4.76

Jet 0.54 | 2.02 5.06 7.01 7.66 6.52 4.5
Veto (b and lep) | 0.28 | 1.17 | 3.18 5.14 6.17 5.47 3.86
AR 0.02 | 0.34 2.28 4.77 6.02 5.4 3.82

Table A.2.: Yields for the various contributions after event selection. Sample notation
follows the convention: X A corresponds to my = A TeV. Only statistical
errors are shown.

’ Channel \ Yield ‘

Data 12.0 £3.46
Cont-Bkg | 10.89 4+ 1.22
ggF 3.43 £0.09
VBF 0.68 £ 0.04
WH 0.32 £ 0.02
ZH 0.20 £0.01
ttH 0.17 £ 0.02
non-reso | 1.3040.01
X500 0.02 £0.01
X750 0.34 £0.01
X1000 2.28 +£0.03
X1500 4.77 £ 0.03
X2000 6.02 +£0.04
X2500 5.40 4+ 0.04
X3000 3.82 +0.03
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A.4. Significance scans - including error bars

The following figures show again the significance scans from section [4.6] For visual pur-

poses, the error bars were omitted in the discussion. The following plots, however, include

the error bars.
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Figure A.7.: Significance scan of chapter Scan for optimal cut value on AR,,. Cut
value yielding the highest significance is printed in the top left corner.
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A.5. MC samples

Table A.3.: Signal samples for non-resonant production and resonant productions for

several my points.

’ Mass point my \

Signal sample name

|

non-resonant

mcl5_13TeV.342621.aMcAtNloHerwigppEvtGen UEEE5 CTEQ6L1
_CT10ME_hh_yyWW.merge.AOD.e4419 a766_a821 r7676

260 GeV mcl5_13TeV.343756.aMcAtNloHerwigppEvtGen_UEEES_CTEQ6L1
_CT10ME_Xhh _m260_yyWW.merge.AOD.e5153_a766_a821_r7676
300 GeV mcl5_13TeV.343758.aMcAtNloHerwigppEvtGen_UEEES_CTEQ6L1
_CT10ME_Xhh m300_yyWW.merge.AOD.e5153_a766_a821_r7676
400 GeV mc15_13TeV.343761.aMcAtNloHerwigppEvtGen UEEE5_CTEQ6L1
_CT10ME_Xhh m400_yyWW.merge.AOD.e5153_a766_a821_r7676
500 GeV mcl5_13TeV.343763.aMcAtNloHerwigppEvtGen UEEES_CTEQ6L1
_CT10ME_Xhh _m500_yyWW.merge.AOD.e5153_a766_a821_r7676
750 GeV mcl5_13TeV.343818.aMcAtNloHerwigppEvtGen UEEES_CTEQ6L1
_CT10ME_Xhh m750_yyWW.merge.AOD.e5153_a766_a821_r7676
1000 GeV mcl5_13TeV.343819.aMcAtNloHerwigppEvtGen UEEES_CTEQ6L1
_CT10ME_Xhh_m1000_yyWW.merge.AOD.e5153_a766_a821_r7676
1500 GeV mcl15_13TeV.343820.aMcAtNloHerwigppEvtGen_UEEES5_CTEQ6L1
_CT10ME_Xhh_m1500_yyWW.merge.AOD.e5153_a766_a821_r7676
2000 GeV mc15_13TeV.343821.aMcAtNloHerwigppEvtGen_UEEES5_CTEQ6L1
_CT10ME_Xhh_m2000_yyWW.merge.AOD.e5153_a766_a821_r7676
2500 GeV mc15_13TeV.343822.aMcAtNloHerwigppEvtGen UEEES_CTEQ6L1
_CT10ME_Xhh_m2500_yyWW.merge.AOD.e5153_a766_a821_r7676
3000 GeV mc15_13TeV.343823.aMcAtNloHerwigppEvtGen UEEES5_CTEQ6L1
_CT10ME_Xhh_m3000_yyWW.merge.AOD.e5153_a766_a821_r7676
1500 GeV mc15_13TeV.343820.aMcAtNloHerwigppEvtGen_ UEEES5_CTEQ6L1
(fullsim) _CT10ME_Xhh m1500_yyWW.merge.AOD.e5153_s2726_r7772_r7676
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Table A.J.: Background SM h — ~~ samples.
’ Channel\ Background sample name ‘

gegH mc15_13TeV.341000.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1
_ggH125 gamgam.merge.AOD.e3806_s2984_r8585_r7676
VBF mcl5_13TeV.341001.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1
_VBFH125_gamgam.merge.A0D.e3806_s2608_r7772_r7676

ZH mcl5_13TeV.341068.Pythia8EvtGen_A14NNPDF23L0
_ZH125_ gamgam.merge.AO0D.e3796_s2608_s2183_r7772_r7676
WH mcl5_13TeV.341067.Pythia8EvtGen_ A14NNPDF23L0
_WH125_gamgam.merge.AOD.e3796_s2608_s2183_r7772_r7676
ttH mcl5_13TeV.341069.Pythia8EvtGen_A14NNPDF23LO

_ttH125 gamgam.merge.AO0D.e3796_s2608_s2183_r7772_r7676
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