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Abstract

A search is performed for the resonant and non-resonant di-Higgs production
in the il — Y Tiep Thaq final state using 8.1fb™ of pp collision data at a centre of
mass energy of 13 TeV as recorded by the ATLAS experiment at the Large Hadron
Collider in 2015 and the first half of 2016. Additionally, a study is performed to
test the expected sensitivity of the ATLAS experiment to observe both resonant
and non-resonant di-Higgs production in the hli — 7Y TepThaq final state with
30fb™ pp collision data at a centre-of-mass energy of 13TeV as it would be
recorded with the ATLAS experiment at the Large Hadron Collider. For these,
a next-to-leading order effective field theory Monte Carlo was set up for the
generation of the resonant di-Higgs production Monte Carlo samples. For 8.1 fb™"
of experimental data, no evidence of di-Higgs production is observed and 95 %
confidence level upper limits on the production cross sections are set. Also, 95 %
confidence level expected upper limits on the production cross sections are set
for 30fb™". For the non-resonant di-Higgs production for 8.1 fb™" the observed
(expected) limit is 42 (40) fb. For 30fb™" the expected limit is 5.9 fb. For resonant
production for a narrow width heavy Higgs boson, cross section limits are set
as function of its mass. For 8.1 fb™" the observed (expected) limits range from 42
(39) fb at mpy = 260GeV to 25 (23) fb at my = 1000 GeV. For 30fb™" the expected
limits range from 10.3 fb at mpy = 260 GeV to 3.5 fb at mpy = 1000 GeV.

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

Since the discovery of a new scalar boson in 2012, which so far has been shown to
be compatible with a Standard Model (SM) Higgs boson, the investigation of this
new particle is an important part of the ATLAS physics programme. Furthermore,
many models beyond the Standard Model (BSM) predict new scalar bosons. One
class of examples are models containing two Higgs doublets, such as the type
II two Higgs doublet model. In this analysis, the yy7T final state of di-Higgs
production in the SM and a type II two Higgs doublet model is investigated.
This thesis describes the the SM, type II two Higgs doublet models and di-
Higgs production in chapter 2 and the experimental setup used for data taking
in chapter 3. The Monte Carlo samples that are used for signal and background
modelling are described in chapter 4. The object and event selections for the
yyTT-channel are described in chapter 5 and the final results are presented in
chapter 6. Finally, a conclusion of the analysis and an outlook on the prospect of

di-Higgs analyses are given in chapter 7.






2. Theoretical Background

2.1. The Standard Model of Particle Physics

The Standard Model of Particle Physics is currently the best description available
for elementary spin-half particles (fermions) and integer spin force-carriers (bo-
sons). It is a gauge theory of the gauge group U(1)y x SU(2); x SU(3)c whose
Lagrange density is invariant under local gauge transformations of these groups.
Interaction terms arise from these local gauge symmetries. These interaction
terms require new fields, which are interpreted as the fields of the gauge bosons
and hence are the particles (bosons) mediating the electromagnetic, strong and
weak interactions. The gauge symmetries of the Standard Model require all
gauge bosons to be massless. However, the W- and Z-bosons are massive. In
order to account for this discrepancy, an additional mechanism is necessary, the
Brout-Englert-Higgs (BEH) mechanism. This is described in section 2.1.1. The
fourth fundamental force, gravity, is not included in the SM.

The weak and the electromagnetic interactions are combined in the group
U(1)y x SU(2)r, where U(1)y describes the electromagnetic and weak interac-
tions and SU(2); describes the weak interaction only. This unification was first
done by Glashow, Salam and Weinberg [2—4]. The electromagnetic interaction is
mediated by the photon, which couples to electric charge, Q, and does not distin-
guish between left- (L) and right-handed (R) particles, i. e. particles of different
chirality. The weak interaction couples to weak isospin, T, and is mediated by the

Table 2.1.: Gauge bosons of the Standard Model with their properties [1].

Interaction Gauge boson Q [e] Mass [GeV]

Electromagnetic 0% 0 <107
W= +1  80.385(15)
Wealk VA 0  91.1876(23)
Strong g 0 0
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Table 2.2.: Fermions of the Standard Model with their properties [1]. Masses
marked with 1 are not from direct measurements but estimated via a mass-
independent subtraction scheme.

Generation Leptons Quarks
flavour Q [e] mass[GeV] flavour Q[e] mass [GeV]
Ve 0 <2x10% u 2/3 23107 x 103"
1st 0.5 +
e -1 511x107° d -1/3 48%)3x1073
nd vy 0 <2x107? c 2/3  1.275(25)"
i —1 105.7 x 1073 s —1/3 98(5) x 10731
e 0 <2x107? t 2/3  173.2(12)
3rd +
T ~1 1.777 b -1/3 4.18(3)

W- and Z-bosons, with the Z-boson coupling differently to left- and right-handed
particles, while the W-bosons only couples to left-handed particles. The charged
weak current, i. e. the interaction via exchange of a W-boson, is the only direct
mechanism for flavour changes in the SM. The electroweak interaction introduces
the hypercharge Y = 2(Q — T?), with T2 being the third component of the weak
isospin, as a conserved quantity to which all four of these gauge bosons can

couple.

The strong interaction is described by the SU(3)c group. It conserves the
colour charge, C, and is mediated by eight massless bosons, the gluons, g. Only

gluons and quarks carry colour charge.
The properties of all fundamental gauge bosons are listed in table 2.1.

The fermions of the Standard Model are the leptons and quarks. They can
be divided into three generations, with each generation having one left-handed
isospin doublet of neutrino or up-type quark (T® = 1/2) and charged lepton
or down-type quark (T® = —1/2). The right-handed fermions form isospin
singlets with T3 = 0. Across the generations, the particle masses increase. Hence
new decays become kinematically allowed and not suppressed anymore due to
containing particles of their mass shell. Though all other properties are identical

across generations as shown in table 2.2.

Neutrinos and electrons are stable particles and up- and down-quark can form
stable compound particles, while all the other fermions are unstable and decay
quickly. The muon decays into an electron, an electron-neutrino and a muon-

neutrino for example. The T-lepton can decay leptonically or hadronically, as
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Figure 2.1.: Feynman diagram for the decay of a 7~ -lepton. The virtual W-boson
can decay either leptonically or hadronically, hence the T-lepton is considered
to decay leptonically or hadronically.

shown in fig. 2.1. When decaying leptonically it decays into a muon or electron

and a T-neutrino plus a electron-neutrino or a muon-neutrino.

Quarks decay weakly into lighter quarks with a branching fraction according
to the Cabibbo-Kobayashi-Maskawa matrix. The W-boson from this decay can
then decay into quarks or into leptons. In addition to their electric charge, quarks
carry colour charge and all but the top-quark cannot be observed as free particles,
since they form colourless compound particles, the hadrons which are divided
into baryons (containing three quarks) and mesons (containing gq pairs). This is
called hadonisation. If the energy of a quark is sufficiently high to overcome the
binding due to gluon exchange, new quark pairs can be created until the energy
of the quarks is not sufficient to do so anymore. Hence, a high energy quark will
leave behind a spray of particles called a jet. Due to its huge mass, the top-quark

decays before hadronisation.

2.1.1. Electroweak Symmetry Breaking

In the description of the SM so far, the gauge bosons are required to be mass-
less, since masses would no longer allow the Lagrangian to be invariant under
symmetry transformations. This contradicts experimental reality, since, as stated
in table 2.1, the W- and Z-bosons have non-zero masses. A mechanism was
proposed by Robert Brout, Francois Englert, and Peter Higgs that generates the
W-and Z-boson masses through spontaneous symmetry breaking [5, 6]. In the

BEH mechanism, the Lagrangian remains invariant under its symmetry group
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Figure 2.2.: Sketch of the Higgs potential in eq. (2.1.3) with the spontaneous
symmetry breaking indicated by a ball going from V(0) to the vacuum state.

but the potential is not symmetric about the ground (vacuum) state. The BEH

mechanism adds an additional doublet

b= (2;) , (2.1.1)

with the complex scalar fields ¢; and ¢,. Without loss of generality, one can
choose @, to be minimized in the real direction. One can expand this doublet

around the minimum, the vacuum expectation value (vev) v, which gives

b = % (U :)_ h) , (2.1.2)

with & being a scalar field, and

1
V(D) = u?d*d + 17‘@*@|2 D EmihZ + gmhh‘o’ + gh‘l (2.1.3)
is the potential in unitary gauge. This introduces a new scalar boson, the Higgs
boson, h, with mass m? = 7v*/2 and the vev of the potential v = —u?/#. In the
SM u? < 0 and 7 > 0 is required for symmetry breaking, since only then does

the potential have minima as shown in fig. 2.2.
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Particles acquire their mass due to interaction with this new ‘Higgs’ field. The
masses of the W- and Z-bosons are given by

1 1 vg
my = Evg and my = 3 cos Oy

(2.1.4)

with the weak coupling constant ¢ and the weak mixing angle ¢, The masses of

the fermions arise from different term in the langrangian and are given by

_ Y (2.1.5)
7 1.

mg

with the Yukawa coupling A of the respective fermion to the Higgs field.

The coupling strength of the Higgs boson to massive bosons is given by

Anww = gmw and Anzz = my (2.1.6)

cos Oy

and the coupling strength to fermions is given by
m f
Ar=V2——. 1.
F=V2 - (2.1.7)

Since the photon has no mass, it cannot couple directly to the Higgs boson but
only via next-to-leading order processes, e.g. a virtual W-triangle.

The Higgs boson is neutral and CP-even with a mass that is not predicted by
theory. In 2012 particle with Higgs-boson-like properties was discovered by the
ATLAS and CMS experiments [7, 8]. The current best measurement for its mass
is my = 125.09(32) GeV [9]. It can decay into bosons and fermions and processes
with bosonic and fermionic final states have been investigated, e. g. measurement
of h — 77 [10, 11] and evidence for h — 7T [12, 13]. Branching ratios for the
decay into different final states are given in table 2.3. While the W-boson has the
strongest coupling to the Higgs boson, the i — WW process is suppressed, as
one W-boson must be off its mass-shell.

2.1.2. Limitations of the Standard Model

The SM is very successful in describing reality, as the comparison of experimental
data with theoretical predictions in fig. 2.3 shows: Cross-section measurements

with proton-proton collisions at centre-of-mass energies from 7 TeV to 13 TeV of



2. Theoretical Background

Table 2.3.: Branching ratio for selected final bosonic and fermionic final states for
a my = 125GeV SM Higgs boson decay [14].

Final state Branching ratio [%]

Standard Model Production Cross Section Measurements

bb 57.7
WW 21.5
TT 6.32
Z7Z 2.64
Yy 0.228

Status: August 2016
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Figure 2.3.: Summary of several Standard Model total and fiducial production
cross section measurements, corrected for leptonic branching fractions, com-
pared to the corresponding theoretical expectations. All measurements at
different centre-of-mass energies show good agreement with the theoretical
predictions [15].
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the 19 different processes shown, with several final states investigated, show good
agreement with theoretical predictions, while the values for the cross sections

span over 14 orders of magnitude.

Despite its success, it also has its limitations. The most notable limitations are
given in the following: It considers neutrinos to be massless and therefore fails
to describe neutrino oscillations, although they can be included by extending
the SM [16]. Furthermore, it is unable to generate a sufficiently large baryon
asymmetry of the universe and therefore fails to describe the observed dominance
of matter over anti-matter [17]. It also gives no candidates for dark matter,
while astrophysical observations give compelling evidence that dark matter
exists [18] and it does not include gravity. Many extensions to the SM have in
proposed to resolve any number of these issues, for example models containing
supersymmetry (SUSY) give explanations for dark matter and a sufficiently large

baryon asymmetry.

2.2. Two Higgs Doublet Models

One of the simplest possibilities to extend the SM is to add a second Higgs
doublet. Models that do so are called two Higgs doublet models (2HDMs) [19].
These are compelling because they are able to generate a sufficiently large baryon
asymmetry by adding additional sources of CP-violation. 2HDMs also appear
in other BSM theories such as SUSY and Axion models. In SUSY models, a
single Higgs doublet (as in the SM) is unable to give mass simultaneously to
up- and down-type quarks. This shortcoming can be resolved by the inclusion
of an additional Higgs doublet, which is also required for the cancellation of
anomalies. In Axion models, such as the Peccei-Quinn model [20], an additional

Higgs doublet is also a required feature.

The Higgs doublets of 2HDMs can be denoted as [21]

ba
Pa = (va + pa + [17751) /\/E ' (2:21)
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with a = 1,2, and the fields ¢, v, p and 7. When assuming that CP is conserved
and not spontaneously broken and that all odd quartic terms in either of the
doublets are eliminated by discrete symmetries, the potential can be written as

2
V= md O}y + mB i@, — miy (@10 + @iy ) + % (ol21)”  (22)
A 2
+ 22 (04@) + 250 01 01 ; + M1} 0]

2
As . 2 s 2
+22 {(@1@) + (ofe) } .
This leads to four scalar bosons: two neutral CP-even, h° and H° and two charged,

H*, and one pseudoscalar neutral CP-odd boson, AY since three of the fields are

needed to give mass to the W and Z. With the minimum

(D)o = — | ° (223)

\/Eva

of the potential, the ratio of the vevs is given by

tanp = %, (2.2.4)
1
where B is the angle that diagonalises the mass-squared matrices of H* and A°.

One can redefine the doublets as
Hy = cos pPq + sin fPy and Hp = —sin P + cos fP,. (2.2.5)

For this redefinition, the lower component of H; has a real and positive vev v/ V2
with v = \/U% + v% and H, has a vev of zero.

2HDMs can be grouped into different models with similar properties. In this
analysis, a generic model of type II will be used. Type II models are CP and
flavour conserving [21]. They have a softly broken Z, symmetry, meaning that
@, transforms as ¢; — P and ¢, — —P,, and real vacuum expectation values
v; of the Higgs doublets. They feature seven free parameters in total: The masses
of the five bosons m0, Mo, m 40 and my=, the mixing angle « among the neutral
Higgs bosons, tan f and the soft breaking term of the Z, symmetry, m?,.

10
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Figure 2.4.: Non-resonant di-Higgs production in the SM via gluon-gluon fusion.
On the right, non-resonant di-Higgs production with a trilinear Higgs boson
vertex is shown.

2.3. Resonant and Non-resonant di-Higgs Production

A key prediction of the SM is that the / can couple to itself with a coupling
strength of Agyp = \/Wmh Trilinear and quartic vertices are possible for the
self-coupling, and a measurement of the trilinear coupling in di-Higgs production
is in the reach of measurements at the LHC [22] with optimistic predictions giving
a precision of ~40 % by the end planned end of LHC [23]. The measurement of
the self-coupling is crucial in determining if the scalar boson found in 2012 is the
SM or a BSM Higgs boson.

The production of Higgs boson pair happens dominantly via gluon-gluon fu-
sion and is referred to as non-resonant production. This and the other possibilities
of di-Higgs production in Born approximation are shown in fig. 2.4.

By measuring the differential cross-section of the non-resonant production,
the Higgs boson self-coupling can be measured by looking at the shape of the
differential cross-section against kinematic variables such as the pr of the Higgs
boson and comparing it against predictions for different coupling strengths as
shown in fig. 2.5.

The ATLAS experiment searched for non-resonant Higgs boson pair production
in Run I and a limit was set on its cross section as 0§25, (gg — hh) < 0.69pb at a
confidence level of 95 % [24]. This is not in reach of the theoretical prediction of
the cross section which is aéhTee‘\’,( gg — hh) ~ 10.15fb [25]. At 13 TeV, the expected
cross section is with ‘T{geT%V (¢g — hh) =~ 33.41fb more than thrice as the 8 TeV
prediction [25].

In the framework of 2HDM, di-Higgs production is also possible. A neutral
heavy Higgs boson, H’, could decay into a pair of neutral light Higgs bosons,
0. This is referred to as resonant production. As is the case of the non-resonant
production, resonant production also dominantly happens via gluon-gluon fusion.

This is shown in fig. 2.6. In the course of this analysis, resonant production also

11
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Figure 2.5.: Effect of different Higgs boson self-coupling strengths on the shape
of the differential cross-section spectrum against the prt for a Higgs boson with
my, = 125 GeV [22].

Figure 2.6.: Resonant di-Higgs production via gluon-gluon fusion.
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Figure 2.7.: The observed and expected 95 % confidence level upper limits on
0(gg — H) x BR(H — hh) at y/s = 8TeV as functions of the heavy Higgs
boson mass as measured by ATLAS. The discontinuity at mpy = 500 GeV is due
to the increased sensitivity due to the additional utilisation of the 4b final state

[24].

means that the h° produced are real, hence it can only occur when m;0 > 2m1,.
Assuming that the light Higgs bosons are identical to the SM Higgs boson, this
process was also searched for at the ATLAS experiment in Run I [24] and limits
on the cross section times branching ratio for different masses of H were set as
shown in fig. 2.7.

For the searches in [24] the 45, WWy, bbyy and bbtT final states were utilised,
since they feature either a high branching ratio (cf. table 2.4) or combine one
Higgs boson decaying into a final state with a high branching ratio, e.g. h — bb,
with a final state with a signature that is easily separated from background, e. g.
h — «7y. For the same reason, the yyTT-channel is investigated in this analysis: It
combines a final state with a signature that is easily separated from background,
h — <y, with a final state that has a reasonable high branching ratio, h — 7.

13
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Table 2.4.: Branching ratio for the different di-Higgs final states investigated by
the ATLAS experiment. Final states marked with T were already investigated
in Run L.

Final state Branching ratio [%]

bbbb? 32.49
bbWW 25.58
bbrTt 7.08
WWWW 5.10
bbyt 0.26
WWoyyt 0.10
YYTT 0.03

14



3. The Large Hadron Collider and the
ATLAS Detector

3.1. The Large Hadron Collider

The synchrotron-type collider Large Hadron Collider (LHC) [26] is a 27km in
circumference circular proton-proton and heavy ion collider at the European
Organization for Nuclear Research (CERN). It is located approximately 100 m
below ground at the Franco-Swiss border region near Geneva, Switzerland. It
was designed for a centre-of-mass energy of /s = 14 TeV and instantaneous

1

luminosity of 5 x 103%ecm™s™'. Currently, it is running with a centre-of-mass

energy of 13 TeV and an instantaneous luminosity of approximately 1034 cm™s™".

It has a bunch spacing of 25ns corresponding to a collision rate of 40 MHz.

A chain of accelerators is used to bring hadrons up to their desired energy
before being injected into the LHC for collision. The entire LHC accelerator chain
is shown in fig. 3.1. First, H-atoms are ionised by stripping off their electrons.
These protons are then accelerated to 50 MeV in the linear accelerator, LINAC 2,
and subsequently injected into the Booster, where they are accelerated to 1.4 GeV.
From there, they are injected into the Proton Synchrotron (PS) and accelerated to
25 GeV. Then they are passed on into the Super Proton Synchrotron (SPS) where
they are accelerated to 450 GeV, the minimum injection energy for the LHC, and
only then are injected into the LHC. In the LHC, they are accelerated to their final
collision energy of 6.5 TeV, giving a centre of mass energy of 13 TeV. Data and
Monte Carlo samples for these proton-proton collisions are used in this analysis.

In case of heavy ions, the acceleration chain differs slightly from the one
described for protons: The particles are not accelerated by LINAC 2 and the
Booster but instead are accelerated by the linear accelerator LINAC 3 and the
Low Energy Ion Ring (LEIR) before getting injected into the PS.

15
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Figure 3.1.: The CERN accelerator complex [27].
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3.2. The ATLAS Experiment
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Figure 3.2.: Schema of the ATLAS detector [35].

For the acceleration in the LHC, high frequency cavities are employed. The
beam is bent such that it follows the circular beam pipe via 1232 superconducting
dipole magnets providing a magnetic field of 8.33 T each. Two beams circulate
the LHC in opposite direction. The protons are accelerated in bunches containing
~10"" protons and collided at four different collision points at which the experi-
ments are located. In Run II, 2808 of these bunches are filled into the LHC with a
spacing of 25ns.

The LHC hosts four large experiments, the two multi-purpose experiments:
A Toroidal LHC Apparatus (ATLAS) [28] and the Compact Muon Spectrometer
(CMS) [29]; as well as the more specialised experiments LHCb [30] and A Large
Ion Collider Experiment (ALICE) [31]. Their positions are also indicated in fig. 3.1.
Furthermore, it hosts three small experiments, the Total Elastic and Diffractive
Cross Section Measurement (TOTEM) [32], LHC forward (LHCf) [33] and the
Monopole and Exotics Detector at the LHC (MoEDAL) [34].

17



3. The Large Hadron Collider and the ATLAS Detector

Table 3.1.: Requirements for resolution and pseudorapidity coverage of the differ-
ent sub-detector systems [28].

Sub-detector system Required resolution |17| coverage
Inner detector 0pr/ p1 = 0.05%pT © 1% <25

EM calorimeter 0g/E=10%/ VE & 0.7 % <32

Tile and end-cap HCal o¢g/E = 50 %/ VE® 3% <32
Forward HCal 0g/E =100%/VE ®10% 31 <|y| <49
Muon spectrometer 0pr/ pr = 0.05% at pr = 1TeV <27

3.2. The ATLAS Experiment

The ATLAS experiment is one of the two multi-purpose experiments at the LHC.
Weighing around 7000 tonnes with a height of 25 m and a length of 45m it is the
largest detector of its kind. It has a cylindrical structure and is built symmetrically
around the collision point (see fig. 3.2). It is designed to be as hermetic around
the point of collision as possible. In analysis of the experimental data, a right
handed coordinate system is used such that the +x direction points towards the
centre of the LHC and the +y direction points upwards. The 4z direction follows
accordingly along the beamline. In practice, a cylindrical coordinate system with
z = 0 at the point of collision is used. The azimuthal angle, ¢, is measured in the
plane transverse to the beam-pipe with ¢ = 0 pointing towards the centre of the
LHC ring. The polar angle, 8, is measured from the z-axis towards the azimuthal
plane. Instead of the polar angle, the pseudorapidity # = —In (tan g) is used,
since differences in 7 are approximately Lorentz invariant under boosts along
the longitudinal axis. The momentum perpendicular to the z-axis, the transverse

momentum, pr, is often used to describe the kinematics of measured particles.

The ATLAS detector is made from several sub-detector systems, which all cover
the range of 47 in ¢ but differ in their coverage with respect to pseudorapidity as
shown in table 3.1. The designed resolution for the different sub-detector systems
is also shown in table 3.1.

All of the detector components, except the calorimeters, are covered by the
magnetic field of the magnet system [36], such that charge and momentum of
charged particles can be measured by their deflection in the magnetic field. This
field is created by three open air toroids and and a central solenoid (see fig. 3.2).
The toroids magnetic field is designed to be mostly orthogonal to the particle
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trajectory and to extend the 77-coverage of the muon spectrometer by deflecting
muons into it, while not negatively impacting the performance of the calorimeters.
The utilized magnets are superconducting magnets, cooled to 4.5 K using liquid
helium.

The central solenoid deflects charged particles in the ¢ plane, due to its field
being parallel to the beam axis. It provides a magnetic field of 2T with a constant
strength along the radial direction and decreasing with the distance in z direction

from the interaction point.

The end-cap and barrel toroids provide fields of 3.9 T and 4.1 T respectively,
which deflect charged particles in the 7 plane.

The inner detector is built nearest to the collision point. It is built to detect
charged particles with hit efficiency close to 100 %. From inward to outward, it
consists of the Pixel Detector, the Semiconductor Tracker (SCT) and a gaseous
detector, the Transition Radiation Tracker (TRT) [37, 38].

The Pixel Detector consists of four layers of hybrid silicon pixel detectors. The
innermost layer, the Insertable B-Layer (IBL) [39], was newly added during the
shutdown of the LHC between Run I and Run II to improve tracking, vertexing
and b-tagging at high luminosities. To achieve high tracking resolutions the Pixel

Detector uses a pixel size of 50 um X 400 pm.

The SCT also consist of four cylindrical layers around the beam pipe. Further-
more there are nine layers in each forward and backward direction perpendicular
to the beam pipe (end-cap layers). These layers consist of silicon strip detectors,
such that two-dimensional tracking information can be obtained by combining
information of several layers, which are rotated by an angle of 4o mrad to each

other.

The TRT is an ensemble of straw tube gaseous detectors that covers both the
barrel and the end caps (forward and backward region) up to |17| ~ 2. They are
especially suited to detect electrons. It is used to identify photons from transition
radiation processes and to differentiate between electrons and other charged
particles.

The inner detector is surrounded by the calorimeters where the energy of
particles is measured by stopping them in the calorimeter volume. The ATLAS
calorimeter system is divided into an electromagnetic and a hadronic calorimeter
(HCal) [28, 40, 41].
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The electromagnetic calorimeter is a sampling liquid argon (LAr) calorimeter
with lead as absorbing material. Electron and photon showers, formed by brems-
strahlung and electron-positron pair creation, are stopped in it and their energy is
measured by reading out the signal created by the ionisation of the liquid argon.

The hadronic calorimeter is located just outside the electromagnetic calorimeter.
It is built out of three different technologies each being used in a different
detector region, due to having different requirements on radiation resistance and
performance in these regions.

In the most forward region, the forward calorimeter is located. It is built out
of tungsten absorbers in a copper matrix with liquid argon as active material.
The hadronic end-cap calorimeter also uses liquid argon as active material but
uses copper plates as absorbers instead of tungsten, while the tile calorimeter is
built out of iron absorbers and plastic scintillators as active material. The plastic
scintillators are read out of by photomultipliers.

The outermost sub-detector of the ATLAS detector is the muon spectrometer
[42]. Only muons and particles invisible to the detector such as neutrinos are
not stopped by the calorimeters and reach the muon spectrometer. It is able
to provide precise measurements of muon prt up to approximately 3 TeV and
consists of four different types of gaseous proportional chambers.

With a collision rate of 40 MHz, it is not possible to record every event detected
by ATLAS. Hence, the data is filtered before recording by two stages of triggers,
the hardware based level 1 (L1) trigger, and the software base level high-level
trigger (HLT) [43]. The L1 trigger utilises information from the small wheel,
which is located just in front the end-cap toroids, the muon system and parts of
the calorimeter. The L1 trigger reduces the apparent rate to 40kHz to 100 kHz
by identifying e, j, 7, jets and neutrinos by missing transverse energy, ETss,
and requiring a specific combination of them, i.e. having at least two photons
in the event. The remaining events are filtered by the HLT, which refines the
selection of the L1 trigger further by applying sharper cuts on pr and EFS. Tt also
performs speed optimised full event reconstruction and analysis and cuts down
the apparent event rate even more by requiring specific signatures of physics
processes, i.e. two photons with high pr.

All in all, this brings the apparent event rate down to approximately 1 kHz.

These remaining events are stored to disk for further analysis.
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For modelling the signal and the i — <y background processes, Monte Carlo
(MC) samples are used. After generation with the respective MC generators,
all events are passed through a GEANT 4 [44] simulation of the ATLAS detector
and reconstructed using the same methods as used for collision data. If two
generators are mentioned for a sample, the matrix element was generated by the
first generator and this was then passed to the second generator for showering, i. e.
decaying the final state particles on matrix element level further while considering
hadronisation and the subsequent decays of the hadrons.

4.1. Background Modelling

For modelling the backgrounds that include a Higgs boson, MC samples for
gluon-gluon fusion (ggF), vector boson fusion (VBF) and Higgsstrahlung (Vh),
i.e. a vector boson radiating a Higgs boson, with the Higgs boson decaying to a
pair of photons were used. All samples assume m; = 125GeV. The ggF and VBF
samples are produced with Powheg+Pythia8 [45, 46] with the CT10 [47] parton
density functions (PDF) and the AZNLOCTEQ6L1 PDF tune [48] for Pythia8.
The Vh samples are produced with Pythia8 with the NNPDF23LO [49] PDF and

Table 4.1.: MC samples used for the h — 77y background modelling with the
cross-section times branching ratio for # — 7y of the processes and the number
of events available in the respective sample.

o x BR(h — 77) Number of Effective [ £ dt
Process -1
[pb] generated events [ab™"]
ggF 0.1 1919000 19.19
VBF 8.58 x 1073 984 000 114.7
Wh 312 x 1073 246200 78.91
Zh 2.00 x 1073 247 800 123.9
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Table 4.2.: Cross-section times branching ratio of i — 77y Tiep Thag and number of
events in the samples for the resonant signal.

Mass point ¢ X BR(hh — ¥ Tiep Thad) Number of Effective [ £ dt
[GeV] [ab] generated events [zb~ 1]
260 462 100 000 0.22
300 462 97000 0.21
400 123 97000 0.79
500 129 100 000 0.77
600 77.1 99 000 1.28
700 13.9 98 000 7.07
750 13.7 94 000 6.86
800 67.8 98 000 1.45
900 17.9 99 000 5.54
1000 13.9 89 000 6.42

the A14NNPDF23LO PDF tune [50]. The properties of the samples are shown in
table 4.1.

4.2. Signal Modelling

4.2.1. Non-resonant Signal Modelling

For the non-resonant signal, a next-to-leading-order (NLO) MC ggF sample
is used, since ggF is the dominant production mode for di-Higgs production.
The sample is produced with MadGraphs_aMC@NLO+Herwig++ [51, 52] using
the CT10ME [47] parton distribution functions. The sample consists of 99 0oo
events which corresponds to [£dt = 22.5zb~!. The theory prediction for
non-resonant di-Higgs production at /s = 13TeV is ¢ = 33.41fb [25], hence
0 X BR(h — Yy TiepThad) = 4-395 ab is used as prediction in this analysis.

4.2.2. Resonant Signal Modelling

The resonant signal was produced with MadGraphs_aMC@NLO+Herwig++
using a NLO effective field theory approach [53] for MadGraphs_aMC@NLO
and the CT1o parton distribution functions. Only ggF is considered, since this is
expected to be the dominant production mode for resonant di-Higgs production
at the LHC. It is assumed that the heavy Higgs boson only decays into light Higgs
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Figure 4.1.: Mass of the di-Higgs system on generator level without showering
and detector simulation for different mass points with I'y = 1 GeV. Resonance
peaks at the respective mpy and a mass independent contribution in the low
mass tail are visible.

bosons and that the light Higgs boson, 1Y, is identical to the SM Higgs boson.
Samples have been produced for ten different mass points as shown in table 4.2.
The heavy Higgs boson was chosen to have a decay width of I'y = 1 MeV. The
cross-section times branching ratio for the different mass points were chosen so,
that they are just below the exclusion limits from Run I as given in fig. 2.7. Their

values are given in table 4.2 as well as the number of events per sample.

4.3. Validation of the Resonant Signal Modelling

Since the resonant signal model was newly integrated into Athena' it had to
be validated. This was first done on generator truth level without showering
and detector simulation. The di-Higgs mass spectrum (see fig. 4.1) showed an
aggregation of events in the low mass tail above the di-Higgs generation threshold
of 2my, independent of the mass of the heavy Higgs boson. Further investigation
showed that the contribution in the low mass tail is dependant on the decay
width of the heavy Higgs boson. This is shown in fig. 4.2. The model used for

generation also includes the possibility for the heavy Higgs boson being off its

TAthena is the software framework used in the ATLAS experiment.
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Figure 4.2.: Mass of the di-Higgs system on generator level without showering
and detector simulation for different decay widths with my = 3TeV. For each
decay width 100 000 events were simulated. A smaller width leads to a smaller
number of events in the low mass tail. Due to having less events in the low
mass tail for 'y = 10GeV than for I'y = 1 GeV, the MC generator assigns them
a bigger weight to account for the lower statistics.

mass shell and the behaviour shown in the low mass tail is as expected from
contributions from a decay of a virtual heavy Higgs boson, i.e., it is less likely to
occur at smaller decay widths. This is due to the fact, that according to the PDFs
it is more likely for partons to carry a low momentum fraction which results
in a smaller effective collision energy /5 and therefore lower my,, are preferred.
Hence, the smaller the decay width of the heavy Higgs boson is, the less likely it
is, that it can be produced off its mass shell and therefore, the contribution in the
low mass tail is smaller for small decay widths of the heavy Higgs boson. Since
the heavy Higgs boson analyses of ATLAS search for a resonance, it is important
to have high statistics for the resonant peak, since the low mass distribution
would not contribute to a discovery or mass measurement. Furthermore, there
is no model independent theoretical prediction of the decay width of the heavy
Higgs boson and therefore, it was decided to use a small width (I'y = 1 MeV)
approximation to eliminate the events in the low mass tail and enhance the
statistics in the resonant peak. Since even I'y = 1 GeV is below the expected
mass resolution of the ATLAS experiment, the decay width can be chosen to be

arbitrarily small without affecting the detection sensibility.
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After this first validation step, the decay of the light Higgs bosons was added to
the sample generation. This was validated by looking at inter alia pt distributions
and reconstructing the light and heavy Higgs boson resonances. pr distributions
for the my = 260GeV resonant production are shown in fig. 4.3. Additional
validation plots for the mpy = 260 GeV and the mpy = 600 GeV resonant produc-
tion are shown in appendix A. All distributions exhibit the expected behaviour
with particles masses being as expected (e.g. mp as it was requested) and pr
distribution showing the expected shape.

With the validation, scripts to integrate the sample generations into the ATLAS
software framework, called job options, were written for the 4b, bbWW, bbtT, 4W,
bbyy, WWvvy and 77 final states, which will be investigated by ATLAS in run
II. The common part of the job options and the job option for the my = 260 GeV
mass point for the 77 Tjep Thag-channel are shown in appendix D.
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5. The hh — T T-process

The final state investigated in this analysis is the hh — yyTT-channel with one
T-lepton decaying leptonically into a muon or an electron plus neutrinos and
the other 7-lepton decaying hadronically. The branching ratio for leptonically
decaying t-leptons is 35.24 % [1]. When decaying hadronically it decays into a
T-neutrino and a charge conserving amount of light hadrons, where 1-prong
decays (containing one charged particle, e. g. a charged pion) and 3-prong decays
(containing three charged particles) are the most common final states. This
branching ratio is 64.76 % [1].

This final state is chosen since the leptonically decaying 7-lepton (7ep) gives
one t-lepton, which is easily separable from background, compared to the
hadronically decaying t-lepton (T,,q). The inclusive yyTT final state has a
branching ratio of 0.034 %, with ~ 45.6 % of that being events with a ¥ Tjep Thad

final state, resulting in a final branching ratio for 7y Tiep Thag 0f 0.013 %.

5.1. Event Topology

In the hh — yyTT-process, due to momentum conservation, the two (light) Higgs

bosons are dominantly produced back-to-back in the rest-frame of the initial

i

i

Figure 5.1.: Sketch of the event topology. The (heavy) Higgs boson decays into
a pair of Higgs bosons, which move away left and right from the interaction
point in the centre. They then subsequently decay into two photons and two -
leptons respectively. The T-leptons cannot be detected but their decay products
(black) without the neutrinos (grey) are detected.
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decaying (heavy) Higgs boson as shown in fig. 5.1. Hence, kinematic variables
that highlight this topology will be investigated, e.g. the angular separation
between the two reconstructed Higgs bosons ARy, and the pr-balance between
the yy- and tT-systems. For this, events should contain two reconstructed

photons, one reconstructed Tje, and one reconstructed Tjaq-

5.2. Object Definitions

The events recorded by the detector are reconstructed offline by combining the
signals recorded in the sub-detectors into different objects, which correspond to

physical particles and missing transverse energy respectively.

5.2.1. Leptons

Electron candidates are reconstructed by matching tracks in the inner detector
to clusters of energy deposits in the electromagnetic calorimeter. They are
identified using a cut-based selection to discriminate between prompt electrons
and electrons from background processes, e.g. electrons from pair production
and from hadronic jets misidentified as electrons [54]. Three standard selections
are provided by the tools used in ATLAS: the loose, medium and tight working
points. Here, the medium working point is used, which has an efficiency ~9o %
for pr > 20GeV electrons as measured using electrons from Z — ee decays
[54]. Electron candidates are required to have pt > 15GeV and to not lie in the
transition region 1.37 < |17‘ < 1.52 between the barrel and end-cap calorimeters.
They are also required to not lie within AR = 0.4 of a photon candidate and
AR = 0.2 of a Tj,,q candidate.

Muon candidates are reconstructed by matching tracks in the muon spectro-
meter to tracks in the inner detector. Track pairs with a small AR are identified
and a track is fitted to the tracks in both the muon spectrometer and the inner
detector [55]. Four standard selections are provided by the tools used in ATLAS:
the loose, medium, tight and high-pt selections. In this analysis, the loose selec-
tion is used, which is designed for maximal reconstruction efficiency while still
providing muons tracks of good quality. For muons with pr < 20GeV it has a
efficiency of ~96 %, for higher pr-muons it has an efficiency of ~98 % [55]. Muon
candidates are also required to have pr > 12GeV and |17| < 2.5.
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There are two kinds of 7-lepton candidates: Candidates for a T, and can-
didates for a T,,q. For the latter ones, energy deposits in the calorimeters are
required to have ‘17} < 2.5 excluding 1.37 < ]17‘ < 1.52 are clustered using the
anti-kt algorithm [56] with R = 0.4. Each Tj,,4-candidate is associated with tracks
that lie within AR < 0.2 of the axis of the seed of the jet, if they fulfil specific
quality criteria. As there are many reconstructed primary vertices in a given
event, the primary vertex of the T7,,4-candidate is the vertex with the highest
sum of pt of tracks associated to the 7,,4-candidate [57]. Furthermore, the 7,4
candidate has to have at least one prong (i. e. charged track) and pt > 18 GeV.

For identification of T,,4’s a boosted decision tree, utilising additional discrim-
inating variables, is trained and three different working points are provided by
the tools used in ATLAS, the loose, medium and tight working points. In this
analysis the medium working point is used, which has a signal efficiency of 0.55
for one prong and o.4 for three prong T,q’s [57]-

Tep-candidates are reconstructed as muons or electrons.

Tiep~ and Tpaq-candidates only include the detector visible fraction of the -
lepton four-vector. The neutrinos occurring in the T-decay will not be detected

but accounted for in the missing transverse energy (cf. section 5.2.3).

5.2.2. Photons

Photons can be classified into two categories: converted and unconverted photons.
Converted photons are photons that have undergone pair creation (i.e. v — e*e™)
in the inner detector, they are reconstructed in a similar fashion to electrons: At
least one track from a vertex inside the inner detector is matched to a cluster of
energy deposits in the electromagnetic calorimeter. Matched in this case means,
that the photon’s impact point after extrapolation from its last measurement to
the calorimeter second sampling is within (7, ¢) range of # = ¢ = 0.05. For the
side where bremsstrahlung losses are expected during the track extrapolation,
the range in ¢ is increased to ¢ = o.1. If the track coincides with a track coming
from a conversion vertex, than this candidate is treated as a photon[58].

Since unconverted photons do not have tracks in the inner tracker, they are
reconstructed from clusters of energy deposits in the electromagnetic calorimeter
that have no associated tracks in the inner detector.

In this analysis, photons are required to have |17‘ < 2.37 excluding the region
1.37 < |17| < 1.52 and to have pp > 20GeV. They are also required to pass the
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tight ID criteria: They are also required to pass cuts optimised for real photon

selection and discrimination from isolated photons from 70

— 77y on energy
deposits in the strip layer and the middle layer of the electromagnetic calorimeter,
the strip layer and the middle layer, shower shape and the fraction of energy
deposited in the hadronic calorimeter. Tight ID for single photons from h — 7y
has an expected efficiency of ~88 % to ~9o % depending on the pr of the photon

[58].

5.2.3. Missing Transverse Energy

Missing energy is a measure of the pr imbalance in the detector. It arises
from detector inefficiencies, poor calibration, incorrect object reconstruction or
identification, and the presence of invisible particles. It is the negative vector
sum of the transverse momentum measured in the experiment. Missing energy is
reconstructed by including contributions from fully reconstructed and calibrated
particles and jets (hard objects) and from the soft event consisting of reconstructed
charged particle tracks not associated with hard objects [59]. It is susceptible to
pile-up which can add to the hard scatter signal and introduce signal remnants in
the liquid argon calorimeter. The x- and y- components of the missing transverse

energy are given by

E;IEIyS)S - _pr(y),i - pr(y),j (5.2.1)
ic{hard objects}  je{soft signals}

which leads to
Ellm}iss _ (Ejrcniss, E;niSS> (5.2.2)

for the missing transverse energy vector.

5.3. Event Selection

For a event to be considered in this analysis, it is required to have at least two
photons, at least one T,,4 candidate and at least one electron or muon, which
are the candidates for a Tjp. The respective particles with the highest pr are

chosen as the particles used in this analysis. There has to be a 7,4 candidate

30



5.3. Event Selection

e T e
ATLAS Internal heyy

T
0.7 ATLAS Internal “ohoyy

0.45

> E 3 0 =
3 a2 E S =
0 (Q.4F MCis (s=13Tev ~-hh-yyrr = P’ E Mc15, {5=13Tev ~®-hh-yyrt ]
o TTE Nocuts B L (.g NOT Higgs mass window --Big est. B
% 0.35F E e - ]
.g E =+==*= 3 w 0.5 ;
= 0.3 b= 3 e 1
i E B N | + 1
- 0.25 — © 0.4%( —
S F E E £ E
E 0.2 E 2 o03F f‘, =
S 0150 e F ]
o C + 3 C .
pd C 4 0.2 .|
0.1~ H = C 3
0.05F- . = 01 i:t + E
o votoe= | e e o 0:““*M

fOO 110 120 130 140 150 160 0 1 2 3 4 5 6 7 8 9 10
m,, [GeV] P, balance

(a) m,, no cuts applied (b) pr-balance, only 1, window cut applied

Figure 5.2.: Visualisation of the cut on m,, and the pr-balance cut for the non-
resonant di-Higgs production.

with pt > 23 GeV and an electron or a muon with py > 15GeV. If this is not
the case, a Tj,q candidate with pt > 20GeV is also accepted, if the muon has
pr > 18 GeV or the electron has pt > 22 GeV.

Events are required to pass the high level trigger HLT_2g20_tight, which
requires at least two tight photons with pt > 20GeV. The T7,,q candidate is
required to fulfil the following additional quality criteria: It is required to have
one or three prongs,

1| < 2.5 excluding 1.37 <|| < 1.52,|Q| = 1 and is required
to pass the medium ID requirements. The Tje, and the 7,q are required to have
opposite-sign electrical charge. Moreover, a cut on the pr-balance between the
di-photon and di-7-lepton system is implemented such that pry, < 1 as shown
in fig. 5.2(b), where pry, is defined as

YY T
Pr — Pt

, (5.3.1)
2

PTbal =

where p7 is the pr of the four-vector sum of the visible parts of the particles x. The
pr-balance is expected to be small, since the Higgs bosons are expected to carry
similar amounts of pr. Furthermore, a cut on ARy, with ARy, > 1.8 is applied
for the resonant heavy Higgs analysis with mpy = 260GeV and a ARy, > 2.72 cut
for all other mpy and the non resonant di-Higgs production. These cuts are shown
in fig. 5.3. Additionally, a cut on the Higgs boson mass window from 120 GeV
to 130 GeV in the m,., spectrum is applied as shown in fig. 5.2(a). How the cuts
where chosen is explained in section 5.3.2.
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tion and on the left the fit is shown for the cuts for all other heavy Higgs boson
mass points and the non-resonant di-Higgs production.

5.3.1. Background Estimate

The only backgrounds estimated using MC samples are the SM h — 77y processes
as described in section 4.1. However, it is also necessary to estimate the underlying
continuum background within the Higgs boson mass window. This is done using
a fit in data in the side-bands, i.e., the regions, that are not within the Higgs
boson mass window in the di-photon mass spectrum, and extrapolated into the
Higgs boson mass window. Ideally, one would do the fit in the signal region (SR),
i.e. with the final cuts applied. Due to statistical limitations this is not possible.
Hence, the fits are done in the control region (CR), where only a preselection cut
is applied: Compared to the final cuts, the 7,4 candidates are not required to
have medium ID and the 7-lepton candidates are not required to be of opposite
sign in their electrical charge. The fit function used is a first order exponential
function f(x) = exp(a + bx) is used. This is shown in fig. 5.5. The integral under
the f(x) in the Higgs mass window is then taken as the background estimate in
the control region. To get the background estimate for the Higgs mass window
in the signal region, this estimate is scaled by the ratio of the number of events in
the side-bands in the CR and the SR:

_ 1SR
Mpkg. est. = Mbkg. est. CR@/ (5-3'2)
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5. The hh — yyTT-process

with the ratio ngg/ncr being typically around o.1. In the plots of distributions
for different variables, this estimate of the continuum background is labelled as
‘Bkg. est.”.

5.3.2. Event Selection Optimisation

The final event selection, as described above in section 5.3 was found by looking

Thad”
Distributions for the variables cut on

at different variables of the 7y, TiepThaq and hh systems: ARy, ARy, ARTlep

pT-balance, mq, o Moy and m'Y'YTIep

Thad” Thad *
are shown in section 5.3 and appendix B. Distributions for the other variables are
shown in fig. 5.6 for the non-resonant di-Higgs production and in appendix B for
two different mass points for the resonant di-Higgs production. The mass of the
Tiep Thad System was reconstructed with three different methods: m‘{liesprha . is the

mass of the detector visible components of the di-t-lepton system. m<!L_ is the
lep thad

mass given by the collinear approximation, where it is assumed, that the neutrinos
in the decay are approximately collinear with the visible decay products and that
the missing transverse energy is only from the neutrinos from the 7-lepton decays

[60]. Hence, the mass reconstruction of the di-7-lepton systems gets improved.

MMC
Tep Thad

improves even more on the mass reconstruction. The distributions for AR, and

AR Tiep Thad

di-Higgs production with high heavy Higgs boson masses, the di-photon and

m is the mass given by the missing mass calculator as proposed in [61]. It

show that the for the non-resonant di-Higgs production and resonant

di-7-lepton systems tend to be more boosted than for low heavy Higgs boson
masses. This is due to the Higgs bosons having a smaller pr for a low heavy

Higgs boson mass.

In addition to the requirement, that the t-lepton candidates have to be op-
posite sign, cutting only pr-balance and the ARy, turned out to be the most

discriminating against background while not removing large amounts of signal.

The values for the pr-balance and the ARy, cuts were found by doing a two-
dimensional optimisation on these values for an integrated luminosity of 30fb™"

for maximal significance. The significance used in this analysis is given as [62]

Z:\/Z((s+b)ln1;rs—s>, (5.3.3)
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Figure 5.7.: Significance due to the chosen ARy, cut for prp, < 1 and prpa < 1.5
for the non-resonant di-Higgs production and three different heavy Higgs
boson masses. The cuts that give maximum significance are chosen as final
cuts on ARy, and the pr-balance.

where s denotes the number of signal events and b the number of background
events. This optimisation was done separately for the non-resonant case and for
the different heavy Higgs boson masses and it was found that the same cut values
were optimal for all mass points as well as the non-resonant sample. An example
for the significance for different cuts on ARy, and prpe for the non-resonant and
resonant di-Higgs production for three different heavy Higgs masses is shown in
tig. 5.7.

It is viable to do this optimisation of cuts on the pr-balance and the ARy, since
the background in the side-bands does not vary significantly for these variables
as shown in fig. 5.8 and hence it can be assumed, that it behaves comparably int

the m;, window.
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5.3.3. Event Yields

In 2015 and 2016 8.1 fb™* of data at a centre-of-mass energy /s = 13 TeV were
taken by ATLAS. Of this 8.1fb™" of data, 3.2fb™" were taken in 2015 and 4.9fb™"
were taken in 2016. Until the end of 2016 it is expected that 30fb™" of data are
taken by ATLAS. For the final selection of the signal, as described in section 5.3,
cutflows for 8.1fb™" and 30fb™" for the non-resonant analysis, as well as the
mp = 260GeV and 600 GeV are listed in tables 5.1 to 5.4. The h — <y background
is almost entirely removed and the continuum background is reduced by ~97 %.
For the non-resonant di-Higgs production and the high mass resonant di-Higgs
production (my = 600 GeV) approximately one third of the events remain in the
selection, while for the low mass di-Higgs production this is the case for only
approximately one fourth of the events. This lower event yield for low mp is
due to them being, more often then not, not produced back-to-back as shown
in fig. 5.9, which is the reason behind the different cut on ARy;,. Hence, for the
low mp the final cuts remove significantly more signal events than for heavy mpy
of my > 400GeV. All in all, the observed event yields are compatible with the
background expectation as shown in tables 5.3 and 5.4.

For 8.1fb™" for the non-resonant di-Higgs production and the resonant di-
Higgs production for all mass points except mpy = 260 GeV, the uncertainty on
the background estimate and hence on the total background is larger than the

event yield. This means, that there could be a negative amount of events, which is
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Figure 5.9.: ARy, for different heavy Higgs masses. The higher the mass of the
heavy Higgs, the more the two light Higgs boson tend to be back-to-back.

of course not possible. Hence, in future studies further studies will be needed, to

get an background estimate with an uncertainity smaller than its nominal value.
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Table 5.1.: Event yields for 30fb™ and significance for the different cuts for the non-resonant di-Higgs production
(c x BR = 4.935ab) as well as the resonant di-Higgs production for mp = 600GeV (¢ x BR = 77.07ab). Background
estimate, the total background and the significance are only quoted when the background estimate is possible.

Event yield
No cuts Only Higgs mass window Preselection cut Final cut
h— vy 2.62(5) 2.35(5) 0.98(3) 7.4(8) x 1072
Continuum background 148(12) 39.8(63) 3.3(18)
Total background 151(12) 40(6) 3.4(18)
Non-resonant 2.84(8) x 1072 2.50(8) x 102 1.74(6) x 1072 9.5(4) x 1073
Significance 2.03 x 1073 2.73 x 1073 5.16 x 1073
mpyg = 600 GeV 0.534(8) 0.471(7) 0.357(6) 0.187(4)
Significance 0.038 0.055 0.101

Table 5.2.: Event yields for 30fb™ and significance for the different cuts for the resonant di-Higgs production for
mpy = 260GeV (0 x BR = 462.4ab). Background estimate, the total background and the significance are only quoted

when the background estimate is possible.

Event yield
No cuts Only Higgs mass window Preselection cut Final cut
h— 7y 2.62(5) 2.35(5) 1.57(4) 0.12(1)
Continuum background 148(12) 65.8(81) 6.2(25)
Total background 151(12) 67.4(81) 6.4(25)
mpy = 260 GeV 1.83(3) 1.66(3) 0.93(2) 0.53(2)
Significance 0.135 0.113 0.208
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Table 5.3.: Event yields for 8.1fb™" and significance for the different cuts for the non-resonant di-Higgs production
(c x BR = 4.935ab) as well as the resonant di-Higgs production for mp = 600GeV (¢ x BR = 77.07ab). Background
estimate, the total background and the significance are only quoted when the background estimate is possible.

Event yield
No cuts Only Higgs mass window Preselection cut Final cut
h— vy 0.708(14) 0.633(13) 0.264(9) 0.020(2)
Continuum background 40.1(63) 10.7(33) 0.9(10)
Total background 40.8(63) 11.0(33) 0.9(10)
Non-resonant 7.66(24) x 1073 6.75(22) x 1073 4.70(19) x 1073 2.57(13) x 1073
Significance 1.06 x 1073 1.42 x 1073 2.68 x 1072
my = 600 GeV 0.144(2) 0.127(2) 9.62(16) x 1072 5.05(12) x 102
Significance 0.02 0.029 0.052

Data 1385(38) 44(7) 13(4) 1(1)
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Table 5.4.: Event yields for 8.1fb™ and significance for the different cuts for the resonant di-Higgs production for
mp = 260GeV (0 x BR = 462.4ab). Background estimate, the total background and the significance are only quoted

when the background estimate is possible.

Event yield
No cuts  Only Higgs mass window Preselection cut Final cut
h — vy 0.708(14) 0.633(13) 0.425(11) 0.033(3)
Continuum background 40.1(63) 10.7(33) 1.7(13)
Total background 40.8(63) 18.2(42) 1.7(13)
mpg = 260 GeV 0.492(9) 0.447(9) 0.251(7) 0.144(5)
Significance 0.07 0.059 0.108
Data 1385(38) 44(7) 21(5) 2.0(14)
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Figure 5.10.: Variations on the fit range to estimate the systematic uncertainty
due to it for cuts as applied for the non-resonant di-Higgs production. The left
figure shows the fit for the m.,, range from 9o GeV to 170 GeV, the right figure
shows the fit fir the m., range from 110 GeV to 150 GeV.

5.4. Systematic Uncertainties

Not only statistical uncertainties on the event yield but also systematic uncer-
tainties have to be taken into account for the Monte Carlo samples and the data
driven continuum background estimate to be able to describe the data reliably.
The systematic uncertainties can change the nominal prediction and add an
additional up- and downwards fluctuation on the event yield.

For the background estimate of the continuum background, as described in
section 5.3.1, systematic uncertainties on the event yield due to the chosen fit

range and due to uncertainties on the parameters of the fit are taken into account:

* The systematic uncertainty on the fit range was estimated by varying
the side-bands: The fit was also done for ranges in m1,, from 9goGeV to
170GeV as largest range down to 110GeV to 150 GeV as smallest range.
90 GeV to 170 GeV is chosen to be the largest fit range, since for fit ranges
including events with m.,, < 9oGeV one would go beyond the Z-boson
mass resonance and a simple exponential function would not be able to
describe the data sufficiently. These upper and lower variations on the
fit range are shown in fig. 5.10. For the preselection cuts as applied for
the non-resonant di-Higgs production, this gives a factor of 31 % for the
downwards and 14 % for the upwards variation of the event yield for the
continuum background for cuts due to this uncertainty. Due to the different
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cut on ARy, for the mpy = 260 GeV di-Higgs production, there the variation
factors on the event yield are 51 % (downwards) and 9 % (upwards).

The systematic uncertainties on the parameters of the fit function amounts
to £17%. Since the fit parameters are correlated, they are both scaled

upwards and downwards respectively to get this uncertainty.

For the MC samples, systematic uncertainties on the event yield due to uncer-

tainties on the reconstruction and the identification of the different objects and

on the luminosity have been considered:

The preliminary uncertainty on the combined 201542016 integrated lumin-
osity is 2.9 %. It is derived, following a methodology similar to that detailed
in [63], from a preliminary calibration of the luminosity scale using x-y

beam-separation scans performed in August 2015 and May 2016.

For electrons and photons the resolution of the detector, an overall correction
scale factor and scale factors for the scintillator response, the electromagnetic
calorimeter response and the temperature of the electromagnetic calorimeter
are taken into account. Also, an additional scale factor for the electron and
photon ID efficiencies, respectively, is taken into account.

For muons, systematic uncertainties on the momentum scale, the recon-
struction in the inner detector and the muon spectrometer and on the muon

ID are taken into account.

For T,,q candidates systematic uncertainties on the 7,4 identification, the
overlap removal with electrons, the reconstruction efficiency and the -

lepton energy scale are taken into account.

For missing transverse energy systematic uncertainties on the soft-track
resolution and momentum scale are taken into account. Furthermore,
systematic uncertainties on jets are taken into account. Since the calculation
of missing transverse energy depends on the p,,) of jets, in this analysis,
these are effectively systematic uncertainties on the term for the hard objects

of the missing transverse energy.

The MC has been reweighted for the in 2015 data measured pile-up profile
and an estimated pile-up profile for 2016. Uncertainties on these pile-up

reweighting have been taken into account.
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In addition to these, uncertainties on the cross-section times branching ratio
were taken into account for the & — yy MC samples.

Values for 30 fb™" for the different systematic uncertainties considered for signal
and background MC are shown in appendix C in detail, while the most significant
systematic uncertainties are singled out in tables 5.5 to 5.8. They are at the highest
in the order of 5%, with the largest systematic uncertainty being on the photon
identification efficiency.

Table 5.5.: Most significant systematics for the background MC for 30fb™" for the
cuts as applied for the non-resonant di-Higgs production.

Variation on event yield [%]

Systematic Downwards  Upwards

e/ overall scale corr. 1.12 0.626
Luminosity 29 29

EIT’niss soft term scale —0.164 1.74
Photon ID eff. 4.59 4.7
Thad 1D total eff. 1.01 1.74

Thad €nergy scale insitu 1.68 0.239
o x BR 1.1 1.1
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Table 5.6.: Most significant systematics for the non-resonant di-Higgs production
MC for 30fb™".

Variation on event yield [%]

Systematic Downwards  Upwards

e/ overall scale corr. 0.287 —1.61
Luminosity 2.9 2.9

Photon ID eff. 443 4.53
Thad 1D total eff. 2.94 4.12
Thad OVerlap rem. true T4 1.16 1.16
Thaq total reco. eff. 3.22 3.22
Thad €nergy scale insitu 1.4 0.808

Table 5.7.: Most significant systematics for the resonant di-Higgs production MC
for my = 260GeV for 30fb~".

Variation on event yield [%]

Systematic Downwards  Upwards
Luminosity 29 29
Photon ID eff. 4.45 4.55
Thad 1D total eff. 0.765 1.31
Thad €nergy scale insitu 1.03 0.147

Table 5.8.: Most significant systematics for the resonant di-Higgs production MC
for my = 600GeV for 30fb~".

Variation on event yield [%]

Systematic Downwards  Upwards
e/ overall scale corr. 1.29 —0.893

Luminosity 29 29
Photon ID eff. 4.37 4.47
Thad 1D total eff. 3.01 5.21
Thad OVerlap rem. true T4 1.2 1.2
Thaq total reco. eff. 3.03 3.03
Thad €Nergy scale insitu 1.75 1.06
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6. Results

Based on the observed and predicted event yields in the signal region, for both
non-resonant and resonant production, two results are presented here: The
tirst set of results is obtained on 8.1fb™" of data taken by ATLAS in 2015 and
2016 at a centre-of-mass energy /s = 13 TeV. These results are actual limits on
U(gg - hh) X BR(hh - ’Y’)/Tleprhad)'

The second set of results is obtained for 30fb™" of data. These results show
which limits can be expected to be set with the full 2016 dataset.

All results were obtained by utilising HistFactory [64] and HistFitter [65] using
the CLs method [66, 67].

6.1. Non-resonant di-Higgs Production

For the non-resonant di-Higgs production no excess was found in data. Hence,
limits were set on 0(gg — hh) x BR(hh — Y7 TepThad). Observed and expected
limits at 95 % confidence level for the signal hypothesis are shown in tables 6.1
and 6.2. With 30fb™" of data, the expected limit is one order of magnitude lower
that the one that could be measured. Nevertheless, this is still three orders of
magnitude higher than the SM expectation for the cross section times branching
ratio of 4.395ab. The cross section times branching ratio limits correspond to
an observed (expected) limit of 10.3 X 103 (9.4 x 103) times the SM cross-section

Table 6.1.: Limits on 0 (gg — hh) X BR(hh — Y TiepThaa) for 8.1fb™" with statist-
ical uncertainty only and with the inclusion of systematic uncertainties.

o x BR limit at 95 % confidence level for the signal
hypothesis [fb]
statistical unc. only ~ systematic unc. included

Expected 40;%24 401%5
Observed 42 42
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6. Results

Table 6.2.: Expected limits on 0(gg — hh) x BR(hh — ¥y TepThaq) for 30 b~ with
statistical uncertainty only and with the inclusion of systematic uncertainties.

o X BR limit at 95 % confidence level for the signal
hypothesis [fb]
statistical unc. only ~ systematic unc. included

~135 ~13.4
59133 59133

prediction for 8.1 fb™" of data and 1.4 x 103 (1.4 X 103) times the SM cross-section
prediction for 30fb™" of data. The inclusion of systematic uncertainties has an
impact of less than 1 % on the measured values.

6.2. Resonant di-Higgs Production

For the resonant di-Higgs production no excess was found in data. Hence, limits
were set on 0(gg — H) X BR(hh — Y TepThaa) in the same manner as it was
done for the non-resonant di-Higgs production. For only considering statistical
errors, these limits are shown in figs. 6.1 and 6.2. Limits that take systematic
uncertainties into account are shown in figs. 6.3 and 6.4. As for the non-resonant
case, going from 8.1 fb™" to 30fb™" of data increases the expected limit about one
order of magnitude. The inclusion of systematic uncertainty also has an impact

of less than 1 % on the measured values.

Table 6.3.: Limits on 0(g¢ — H) X BR(hh — ¥y TepThaa) for 8.1fb™" with statist-
ical uncertainty only and with the inclusion of systematic uncertainties.

o X BR limit at 95 % confidence level for the signal
hypothesis [fb]

mp [GeV] statistical unc. only ~ systematic unc. included
71 72
260 Expected 3817, 38178
Observed 43 43
141 141
600 Expected 3OJ_F20 30J_r20
Observed 31 31
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6.2. Resonant di-Higgs Production

Table 6.4.: Expected limits on 0(gg — H) X BR(hh — 7Y TiepThaa) for 30 fb™" with
statistical uncertainty only and with the inclusion of systematic uncertainties.

o x BR limit at 95 % confidence level for the signal
hypothesis [fb]
mpy [GeV] statistical unc. only systematic unc. included
9.0 8.9
260 10.37,7 10.617
600 48737 48759

-e- Observed

ATLAS Internal --- Expected

[ o expected
+20 expected

8.1fh? s =13 TeV

1072

6(99~H) xBR(hh-yyt_T,.,) [Pb]
=
S

300 400 500 600 700 800 900 1000
m, [GeV]

Figure 6.1.: Limits on 0(gg — H) X BR(hh — YYTiepThad) for 8.1fb™" for statist-
ical errors only.
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6. Results
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Figure 6.2.: Limits on 0(gg — H) X BR(hh — Y TiepThad) for 30 fb™" for statistical
errors only. The observed limit is given for the case, that the number of
measured events is identical to the background events.
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Figure 6.3.: Limits on 0(gg — H) X BR(hh — 7Y TepThaa) for 8.1fb™" with sys-
tematic errors included.
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6.2. Resonant di-Higgs Production
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Figure 6.4.: Limits on 0(gg — H) X BR(hh — 7Y TepThaa) for 30 fb™* with system-
atic errors included. The observed limit is given for the case, that the number
of measured events is identical to the background events.
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7. Conclusion and Outlook

In the course of this thesis a next-to-leading order effective field theory MC model
for 2HDM was made available in the ATLAS software framework. Current and
future analyses will benefit from its improved predictions in comparison to the
Born-level MC that was available beforehand.

Furthermore, limits on the cross-section times branching ratio are set for the
hh — 7Y Tep Thaq-channel for resonant and non-resonant di-Higgs production,
with data statistics being the limiting factor. When taking into account the increase
of the different cross-sections for the di-Higgs production at /s = 13 TeV com-
pared to the ones at /s = 8 TeV the limits on the resonant production are approx-
imately the same order of magnitude as the ones seton 0(¢g — H) x BR(H — hh)
by ATLAS [24].

Nevertheless, the results show, that, in the coming years, it would make sense
to investigate the i — 77y Tiep Thag-channel, since it can potentially contribute to a
combined measurement with several channels for di-Higgs production, especially
as more data become available. With more data, better cuts or more sophisticated
methods, such as boosted decision trees, could be implemented, since statistical
limitations would be significantly less and lead to better limits.

The measurement of the non-resonant di-Higgs production and hence, the
measurement of the Higgs boson self-coupling are within the reach of the LHC, a
precision of ~40 % could be reached with the 3ab™" of data expected until 203o0.
In this data, O(10%) SM di-Higgs boson events are expected with 30 to 40 events
having a 97T final state. New physics beyond the SM can increase the number
of di-Higgs boson events and will be needed to see an excess in the vy t7 final
state in the near future.
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A. Resonant Signal MC Validation
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Figure A.1.: Final state particle pr-distributions on generator truth level for the
resonant production for mpy = 260 GeV for a validation sample containing 2000

events.
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A. Resonant Signal MC Validation
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Figure A.2.: Final state particle pr-distributions on generator truth level for the
resonant production for my = 600 GeV for a validation sample containing 2000
events.
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Figure A.3.: Di-particle py-distributions on generator truth level for the resonant
production for my = 260GeV and my = 600GeV for validation samples
containing 2000 events.
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Figure A.4.: Di-particle mass distributions on generator truth level for the reson-
ant production for my = 260GeV and mpy = 600GeV for validation samples

containing 2000 events.
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B. Investigated Variables
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Figure B.1.: Visualisation of the pr-balance cut for the non-resonant di-Higgs

production as well as the resonant di-Higgs production for mpy = 260 GeV and
mp = 600 GeV with only a cut on the Higgs mass window applied.
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Figure B.2.: Visualisation of the cut on ARy, for the non-resonant di-Higgs pro-
duction as well as the resonant di-Higgs production for mpy = 260GeV and
mp = 600 GeV with only a cut on the Higgs mass window applied.
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di-Higgs production for mpy = 600 GeV with no cuts applied.
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Figure B.5.: AR between the two photons with only the cut on the m.,, window
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di-Higgs production and resonant di-Higgs

production with large mass heavy Higgs boson, the photons tend to be closer
to each other. For light heavy Higgs boson, they tend to be more back-to-back.
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Figure B.7.: Q(Tiep) X Q(Thaq) With only the cut on the m,, window applied. For
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ation of the charge of either the T, or the Thaq
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C. Systematic Uncertainties
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C. Systematic Uncertainties

Table C.1.: Systematic uncertainties on the background MC for the different ob-
jects for 30 fb™" for the cuts as applied for the non-resonant di-Higgs production.
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Variation on event yield [%]

Systematic Downwards Upwards
overall resolution 0.388 —0.481
overall scale corr. 1.12 0.626
e/y scint. scale corr. —3.68x107% 3.68 x107°
LAr calib. scale 2015 —0.117 3.68 x 107°
LAr temp. scale 2015 —3.68 x 107®  3.68 x 107
LAr temp. scale 2016 —3.68 x 107° 0.117
energy range —3.68 x 10°° —0.507
Jet cal. punch trough  —3.68 x 107% 3.68 x 10~°
single part. —3.68x107% 3.68x10°°
1 —3.68 x 107° —0.277
Jet energy scale Npy —3.68 x 107 —0.284
pile-up pT term —3.68 x 1076 0.316
p topology —3.68 x 107° —0.284
ID eff. for e and u —3.68x107% 3.68 x 107°
Luminosity 29 29
, res. parallel —3.68 x 107° 0.876
ET"® soft term res. perpendicular  —3.68 x 10~° —0.808
scale —0.164 1.74
inner detector —3.68x107% 3.68x107°
Muons muon spectrometer —3.68 x 107°  3.68 x 107°
scale —3.68x107° 3.68x107°
Photon ID eff. 4.59 4.7
Pile-up 2015 —3.68x107% 3.68x10°°
reweighting 2016 —3.68 x107° 3.68 x 107
high-pt 0.005 66 0.005 67
Thad 1D eff. total 1.01 1.74
Thad OVerlap rem. true electron 0.61 0.61
eff. true Tag 0.31 0.31
high-pr —3.68 x107® 3.68 x 107°
Thag TecO. eff total 1.16 1.16
detector —3.68x107% 3.68 x107°
Thad €nergy scale insitu 1.68 0.239
model 0.152 3.68 x 106
o x BR 1.1 1.1




Table C.2.: Systematic uncertainties on the non-resonant signal MC for the differ-

ent objects for 30fb™".

Variation on event yield [%]

Systematic Downwards Upwards
overall resolution —0.629 —0.56
overall scale corr. 0.287 —1.61
e/y scint. scale corr. —0.0896 0.0896
LAr calib. scale 2015 0.391 —0.14
LAr temp. scale 2015 —2.27 x 107® 227 x 107
LAr temp. scale 2016 —0.153 —0.0363
energy range —2.27 x 1076 0.0478
Jet cal. punch trough 0.0215 —0.00242
single part. 0.0222 —0.0386
u 0.0729 —0.0223
Jet energy scale Npv 0.1 —0.0543
pile-up pr term —227x107% —4.37 x107°
p topology —227x107% 227 %107
ID eff. for e and u —227x107® 227x10°°
Luminosity 2.9 29
. res. parallel —227 x107° —0.299
ETVS® soft term res. perpendicular ~ —2.27 x 107° —0.0857
scale —0.0759 —0.197
inner detector —0.000 852 0.008 01
Muons muon spectrometer —0.0182 0.32
scale 0.004 62 0.000 699
Photon ID eff. 443 4.53
Pile-up 2015 —227x107% 227 x10°°
reweighting 2016 —227x107% 227 x 107
high-pr 0.118 0.118
Thad 1D eff. total 2.94 5.12
Thad OVerlap rem. true electron —0.000299 —0.000294
eff. true T.q 1.16 1.16
high- 0.0113 0.0114
Thag reco- eff total | 3.22 3.22
detector 0.236 0.0462
Thad €nergy scale insitu 1.4 0.808
model 0.278 0.379
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C. Systematic Uncertainties

Table C.3.: Systematic uncertainties on the resonant signal MC for mpy = 600 GeV
for 30fb™" for the different objects.
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Variation on event yield [%]

Systematic Downwards  Upwards
overall resolution —0.352 —0.991
overall scale corr. 1.29 —0.893
e/y scint. scale corr. —0.0226 0.0226
LAr calib. scale 2015 0.0129 —0.48
LAr temp. scale 2015 8.64 x 1077 —8.64 x 1077
LAr temp. scale 2016 0.0649 —0.176
energy range 8.64 x 1077 —0.139
Jet cal. punch trough 0.0141 —0.0468
single part. —0.026 —0.115
u 0.102 —0.002 04
Jet energy scale Npv —0.0409 —0.0872
pile-up pr term 8.64 x 1077 —8.64 x 1077
p topology 8.64x 1077 —8.64x1077
ID eff. for e and u 8.64x1077 —8.64x1077
Luminosity 29 29
‘ res. parallel 8.64 x 1077 —0.168
ET"®° soft term res. perpendicular  8.64 x 1077 —0.235
scale —0.0352 —0.102
inner detector 0.0278 0.0175
Muons muon spectrometer —0.00222 —0.000 522
scale —0.108  —8.64 x 1077
Photon ID eff. 4.37 4.47
Pile-up 2015 8.64 x1077 —8.64x1077
reweighting 2016 8.64 x 1077 —8.64 x 1077
high-pt 0.196 0.196
Thaa ID eff. total 3.01 5.21
Thad OVerlap rem. true electron 0.002 35 0.00235
eff. true Thaq 1.2 1.2
high-pt 0.0209 0.0209
Thag reco. eff. total 3.03 3.03
detector 0.388 0.284
Thad €nergy scale insitu 1.75 1.06
model 0.549 0.263




Table C.4.: Systematic uncertainties on the background MC for the different
objects for 30fb™" for the cuts as applied for the resonant di-Higgs production

for my = 260 GeV.

Variation on event yield [%]

Systematic Downwards Upwards
overall resolution —0.0599 —0.969
overall scale corr. 0.658 —0.0244
e/y scint. scale corr. —6.77 x 1077 6.77 x 1077
LAr calib. scale 2015 —0.0721 —0.00172
LAr temp. scale 2015 —6.77 x 1077 6.77 x 1077
LAr temp. scale 2016 —6.77 x 1077 0.0721
energy range —6.77 x 1077 —0.0583
Jet cal. punch trough  —6.77 x 1077 6.77 x 10~/
single part. —6.77 x 1077 6.77 x 1077
i —6.77 x 1077 6.77 x 1077
Jet energy scale Npv —6.77 x 1077 6.77 x 1077
pile-up pr term —6.77 x 1077 6.77 x 107
p topology —6.77 x 1077 6.77 x 107
ID eff. for e and u —6.77 x 1077 6.77 x 1077
Luminosity 2.9 29
. res. parallel —6.77 x 1077 —0.143
ET"® soft term res. perpendicular  —6.77 x 107 —0.407
scale —6.77x 1077 6.77 x 1077
inner detector —6.77 x 1077 6.77 x 1077
Muons muon spectrometer —6.77 x 1077 6.77 x 1077
scale —6.77 x 1077 6.77 x 1077
Photon ID eff. 4.45 4.55
Pile-up 2015 —6.77 x 1077 6.77 x 1077
reweighting 2016 —6.77 x 1077 6.77 x 1077
high-pr 0.004 45 0.004 46
Thad 1D eff. total 0.765 1.31
Thad OVerlap rem. true electron 0.554 0.554
eff. true T.q 0.226 0.226
high-pr —6.77 x 1077 6.77 x 107
Thag Teco. eff. total 0.879 0.879
detector —6.77 x 1077 6.77 x 1077
Thad €nergy scale insitu 1.03 0.147
model 0.0933 6.77 x 1077
o x BR 1.1 1.1
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Table C.5.: Systematic uncertainties on the resonant signal MC for mpy = 260 GeV
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for 30fb™" for the different objects.

Variation on event yield [%]

Systematic Downwards  Upwards
overall resolution —0.527 —0.642
overall scale corr. 0.886 —0.869
e/y scint. scale corr. 0.0141 —0.0141
LAr calib. scale 2015 0.0179 0.0856
LAr temp. scale 2015 —3.78 x 107® 3.78 x 107
LAr temp. scale 2016 —0.0804 0.111
energy range —3.78 x 107° —0.982
Jet cal. punch trough 0.0321 —0.0992
single part. 0.0042 —0.299
U 0.0278 —0.0707
Jet energy scale Npv —0.302 —0.313
pile-up pr term —3.78x107% 3.78 x10°°
p topology —3.78 x107® 378 x 107°
ID eff. for e and u —3.78 x107® 3.78 x 107°
Luminosity 2.9 2.9
. res. parallel —3.78 x 107° —0.83
ET"®® soft term res. perpendicular ~ —3.78 x 107° —0.395
scale —0.27 —0.277
inner detector —0.0341 0.004 54
Muons muon spectrometer —0.0149 0.0393
scale —0.0034 3.78 x 107°
Photon ID eff. 4.52 4.62
Pile-up 2015 —378 x107% 378 x 107
reweighting 2016 —3.78x107°% 3.78 x 107
high-prt 448 x 107° 524 x 107°
Tha ID eff. total 3.02 5.22
Thad OVerlap rem. true electron —378x107% 3.78x10°°
eff. true Thaq 0.922 0.922
high-pr —378 x107% 378 x 107
Thad Teco. eff. total 3.76 3.76
detector —0.496 0.0291
Thad €nergy scale insitu 1.83 0.698
model 0.341 0.579




D. Joboptions for the Resonant Signal
Monte Carlo

Listing D.1: Common joboption for resonant di-Higgs production.

1 |# joboption for Double Higgs production (hl hl) in gluon-fusion, with top-quark

# mass effects, in the 2HDM (arXiv:1407.0281)

from MadGraphControl.MadGraphUtils import *
5 | import tarfile, shutil, os, glob

7 | cwd = os.getcwd ()

9 | mode=0

11 | run_number = runArgs.runNumber

if (run_number > run_number_max):

13 log.fatal (’Run number out of validity range for this generation.’
’run_number_max ’+str (run_number_max))

15 raise RunTimeError (’Run number too high.’)

17 | imass = run_number - run_number_min + offset

19 |# Extract files for the job

gghlhl NLO = tarfile.open(runArgs.inputGenConfFile)
21 | gghlhl _NLO.extractall ()

gghlhl _NLO.close ()

23
def numbers_to_mass (argument):
25 switcher = { 0: 260.,
1: 275. ,
27 2: 300.,
3: 325.,
29 4: 350.,
5: 400. ,
31 6: 450.,
7: 500.,
33 8: 600. ,
9: 700.,
35 10: 750. ,
11: 800.,
37 12: 900.,
13: 1000.,
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14: 1100.,
15: 1200.,
16: 1300.,
17: 1400.,
18: 1500.,
19: 1600.,
20: 1800.,
21: 2000.,
22: 2250.,
23: 2500.,
24: 2750.,
25: 3000.,
26: 3250.,
27: 3500.,
28: 3750.,
29: 4000.,
30: 4500.,

31: 5000. 1}

return switcher.get(argument, "nothing")

# Setting higgs masses

m_h2 = numbers_to_mass (imass)

higgsMasses = { ’m_h1’> : °1.250900e+02’,
‘m_h2’ : str(m_h2) }

# Setting decay widths
decays = { ’Wh2’ : ’1.000000e-03’ 1}

# Setting renormalisation scale in param_card
scale = m_h2 / 2.
loop = { MU_R’ : str(scale) }
parameters = { ’decay’ : decays,
’loop’ : 1loop,

’mass’ : higgsMasses }

# setting some parameters for run_card.dat

extras = { ’lhe_version’ : ’3.0°,
’pdlabel’ : ’lhapdf’,
’lhaid’ : 211000°,

’PDF_set_min’: 211001°,
>PDF_set_max’: ’211052°’,
’parton_shower’ : ’HERWIGPP’,

‘muR_ref_fixed’ : str(scale),
'muF1l_ref_fixed’ : str(scale),
‘muF2_ref_fixed’ : str(scale),

"QES_ref_fixed’ : str(scale) 1}

# Generating di-higgs through Heavy Higgs resonance with MadGraph

fcard = open(’proc_card_mgb.dat’,’w’)
fcard.write ("""

set group_subprocesses Auto

set ignore_six_quark_processes False

set loop_optimized_output True
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97

99

103

105

107

109

113

115

117

119

121

123

125

127

129

131

133

135

137

139

141

143

145

set complex_mass_scheme False

import model sm

define p = g uc d s u~ c~ d~ s~
define j = g ucd s u~ c~ d~ s~
define 1+ = e+ mu+

define 1- = e- mu-

define vl = ve vm vt

define vl~ = ve~ vm~ vt~

import model 2HDMCP_EFT
generate p p > hl hl [real=QCD]
output""")

fcard.close ()

beamEnergy = -999

if hasattr (runArgs,’ecmEnergy’):
beamEnergy = runArgs.ecmEnergy / 2.

else:

raise RuntimeError ("No center of mass energy found.")

# Setting the number of events and add protection to avoid crashing with
# maxEvents=-1

nevents = 5000 * safefactor

if evgenConfig.minevents > O

nevents = evgenConfig.minevents * safefactor

if runArgs.maxEvents > O:

nevents = runArgs.maxEvents * safefactor

Using the helper function from MadGraphControl for setting up the run_card
Build a new run_card.dat from an existing one
Using the values given in "extras" above for the selected parameters when

setting up the run_card

# O H O O

If not set in "extras", default values are used
build_run_card(run_card_old=’run_card.template.dat’,
run_card_new=’run_card.dat’, nevts=nevents,
rand_seed=runArgs.randomSeed, beamEnergy=beamEnergy, extras=extras,

xqcut=0.0)
# Using the helper function from MadGraphControl for setting up the param_card
# Build a new param_card.dat from an existing one
# Higgs masses are set by ’higgsMasses’
build_param_card(param_card_old=’param_card.dat’,
param_card_new=’param_card_new.dat’, params=parameters)
print_cards ()
runName=’run_01"

process_dir = ’PROCNLO_2HDMCP_EFT_O’

# fetch and compile additional files

shutil.copytree(os.environ[>MADPATH’] + ’/vendor/CutTools’, ’vendors/CutTools’)
shutil.copytree(os.environ[>MADPATH’] + °’/vendor/StdHEP’, ’vendors/StdHEP?’)
shutil.copytree(os.environ[>MADPATH’] + °’/vendor/IREGI’, ’vendors/IREGI’)
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147 | 0os.chdir(cwd + ’/vendors/CutTools’)
os.system(’make clean && make -j1°’)

149 | os.chdir(cwd + ’/vendors/StdHEP’)
os.system(’make clean && make -j1°’)

151 | 0s.chdir(cwd + ’/vendors/IREGI/src’)
os.system(’make clean && make’)

153 | os.chdir(cwd + ’/code/Source/DHELAS’)
os.system(’make clean && make’)

155 |os.chdir(cwd + ’/code/Source/MODEL’)
os.system(’make clean && make’)

157 | os.chdir(cwd + ’/code/SubProcesses/PO_gg_hlhl’)
os.system(’make clean && make reweight_FT4’)

159 | os.chdir(cwd + ’/code/SubProcesses/Pl_gg_hlhig’)
os.system(’make clean && make reweight_FT4’)

161 | os.chdir (cwd + ’/code/SubProcesses/P2_ug_hilhiu’)
os.system(’make clean && make reweight_FT4’)

163 | os.chdir (cwd)

165 | # generate the events
generate(run_card_loc=’run_card.dat’, param_card_loc=’param_card_new.dat’,

167 mode=mode, proc_dir=process_dir, run_name=runName)

169 |# do the reweighting
os.chdir(cwd + ’/’ + process_dir + ’/Events/’ + runName)

171 |os.system(’gunzip events.lhe.gz’)

173 |#first step, reweight the S events

os.chdir(cwd + ’/code/SubProcesses/PO_gg_hlhl’)

175 | shutil.copy(cwd + ’/’ + process_dir + ’/Events/’ + runName + ’/events.lhe’,
os.system(’echo -e events.lhe "\m 1\n" | ./reweight_FT4’)

177
#second step, reweight the gg H events

179 | os.chdir(cwd + ’/code/SubProcesses/P1_gg_hihlg’)

shutil.copy(cwd + ’/code/SubProcesses/PO_gg_hlhi/events.lhe.rwgtl’, ’.7)
181 | os.system(’echo -e events.lhe.rwgtl "\m 1\n" | ./reweight_FT4’)
os.remove (’events.lhe.rwgtl’)

183
#third step, reweight the qq H events

185 |os.chdir(cwd + ’/code/SubProcesses/P2_ug_hihilu’)

shutil.copy(cwd + ’/code/SubProcesses/P1_gg_hlhlg/events.lhe.rwgtl.rwgt2’,
187 | os.system(’echo -e events.lhe.rwgtl.rwgt2 "\n 1\n" | ./reweight_FT4’)
os.remove(’events.lhe.rwgtl.rwgt2’)

189
#finally compute scale and PDF uncertainties

191 | os.chdir(cwd + ’/’ +process_dir + ’/SubProcesses/PO_gg_hih1/’)
shutil.copy(cwd +

193 ’/code/SubProcesses/P2_ug_hlhlu/events.lhe.rwgtl.rugt2.rwgt3’, ’.7)
os.system(’echo -e events.lhe.rwgtl.rwgt2.rwgt3 "\n 1\n" |

195 ./reweight_xsec_events ’)

os.remove (’events.lhe.rugtl.rugt2.rugt3’)

197
shutil .move(’events.lhe.rwgtl.rwgt2.rwgt3.rwgt’, ’events.lhe.rwgt’)

199

os.chdir(cwd + ’/’ +process_dir + ’/Events/’ + runName)
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205

207

209

213

215

217

219

223

225

227

229

231

233

235

237

239

241

243

245

247

249

251

253

shutil.copy(cwd + ’/’ +process_dir +
’/SubProcesses/PO_gg_hihl/events.lhe.rwgt’, ’.°)

# calculate xsec

os.chdir(cwd + ’/’ + process_dir + ’/Events/’ + runName)

shutil .move(cwd + ’/’ + process_dir + ’/SubProcesses/PO_gg_hihl/rwgt.dat’, °’.’)
shutil.copy(cwd + °/’ + process_dir + ’/Events/xsec.py’, ’.°)

os.system(’python xsec.py > xsec_after_reweighting.dat’)

os.system(’python xsec.py’)

# finalise and cleanup cruft
os.chdir(cwd + ’/’ + process_dir + ’/Events/’ + runName)
os.system(’rename .lhe .lhe.before_rwgt x.lhe’)
os.system(’rename .lhe.rwgt .lhe *.lhe.rwgt’)
os.remove(cwd + ’/’ + process_dir + ’/SubProcesses/PO_gg_hlhl/events.lhe.rwgt’)
os.chdir(cwd + ’/code/SubProcesses/PO_gg_hihl’)
for file in glob.glob("events*"):

os.remove (file)
os.chdir(cwd + ’/code/SubProcesses/P1_gg_hihlg/’)
for file in glob.glob("events*"):

os.remove (file)
os.chdir(cwd + ’/code/SubProcesses/P2_ug_hlhliu/’)
for file in glob.glob("eventsx*"):

os.remove (file)

os.chdir(cwd + ’/’ + process_dir + ’/Events/’ + runName)
os.system(’gzip events.lhe’)

os.chdir (cwd)

arrange_output (run_name=runName, proc_dir=process_dir,

outputDS=runName+’._00001.events.tar.gz’)

# Showering with HerwigPP, UE-EE-5 tune

include ("MC15Job0Options/Herwigpp UEEE5_CTEQ6L1_CT10ME_LHEF_EvtGen_Common.py")
## To modify Higgs BR

cmds = """

create ThePEG::ParticleData h2

setup h2 35 h2 """

cmds += str(m_h2)

cmds += """ 1.0 10.0 1.973269631e-13 2 3 2 0

set /Herwig/EventHandlers/LHEReader:AllowedToReOpen O

set /Herwig/Shower/KinematicsReconstructor:ReconstructionOption General

set /Herwig/Shower/KinematicsReconstructor:InitialInitialBoostOption LongTransBoo

nnn

from Herwigpp_i import config as hw
genSeq.Herwigpp.Commands += cmds.splitlines ()
genSeq.Herwigpp.Commands += cmdsps.splitlines()
del cmds

del cmdsps
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# EVGEN Configuration

# ______________________________________________________________________________
evgenConfig.generators += ["aMcAtNlo", "Herwigpp"]
evgenConfig.description += ", h2 is a " +str(m_h2)+ " scalar."
evgenConfig.contact = [’Biagio Di Micco <biagio.di.micco@cern.ch>’,

>Julian Wollrath <wollrath@cern.ch>’]
evgenConfig.inputfilecheck = runName
runArgs.inputGeneratorFile=runName+’._00001.events.tar.gz’

Listing D.2: Joboption for the resonant signal MC for mpy = 260 GeV.

10
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22

24

26

28

30

32

34

36

from MadGraphControl.MadGraphUtils import *

mode = 0

cmdsps = """set /Herwig/Particles/hO:Width_generator NULL

set /Herwig/Particles/hO:Mass_generator NULL

do /Herwig/Particles/hO:SelectDecayModes hO->tau-,tau+; hO->gamma, gamma;
set /Herwig/Particles/h0/hO->tau-,tau+;:BranchingRatio 0.5

set /Herwig/Particles/h0/hO->gamma,gamma;:BranchingRatio 0.5

nun

safefactor = 7

evgenConfig.description = "h2->h1hl diHiggs production with MG5_aMC@NLO, hi ->"
evgenConfig.description += " yy,tautau yytt lep had"

evgenConfig.keywords = ["BSM", "BSMHiggs", "resonance", "tau"]

run_number_min = 343804

run_number_max = 343817

offset = 0

include ("MC15Job0Options/MadGraphControl _HerwigppEvtGen_ UEEE5_CT10ME_NLO_h2hihil.py

from GeneratorFilters.GeneratorFiltersConf import ParentChildFilter
filtSeq += ParentChildFilter ("hyyFilter", PDGParent = [25], PDGChild = [22])
filtSeq += ParentChildFilter ("hTauTauFilter", PDGParent = [25], PDGChild = [15])
include ("MC15JobOptions/XtoVVDecayFilterExtended.py")
filtSeq.XtoVVDecayFilterExtended.PDGGrandParent = 25
filtSeq.XtoVVDecayFilterExtended.PDGParent = 15
filtSeq.XtoVVDecayFilterExtended.StatusParent = 2
filtSeq.XtoVVDecayFilterExtended.PDGChildl = [11, 13]
filtSeq.XtoVVDecayFilterExtended.PDGChild2 = [24, 211, 213, 215, 311, 321,

323, 10232, 10323, 20213, 20232, 20323, 30213, 100213, 100323, 1000213]
filtSeq.Expression = "hyyFilter and hTauTauFilter and XtoVVDecayFilterExtended"

evgenConfig.generators = ["aMcAtNlo", "Herwigpp", "EvtGen"]

8o

")
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