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Abstract

This thesis reports on the search for new physics in the diphoton decay channel with the proton-
proton collision data collected by ATLAS at a centre-of-mass energy of /s = 8 TeV in 2012
and /s = 13 TeV in 2015 and 2016.

A feasibility study of the search for a pseudoscalar A decaying to a Z boson and a 125 GeV
Higgs boson in the context of an extended Higgs sector, namedly the two-Higgs-doublet models,
is presented. The search is performed with a final state of two jets and two photons using
20.3 fb~! of data at /s = 8 TeV. The expected sensitivity is found to be competitive with the
analysis with a final state of two electrons or muons and two 7 leptons, but less sensitive to the
other searches with the Higgs decaying to a pair of b-quarks.

Search for high mass resonances decaying to two photons at /s = 13 TeV is also presented.
The analysed dataset corresponds to an integrated luminosity of 3.2 fb~! in 2015 and 12.2 fb~!
in 2016. Two searches are performed: one optimised for a generic spin-0 particle, and the
other for a spin-2 particle using Randall-Sundrum graviton model as benchmark. Particular
attention is paid to the understanding and the parameterisation of the line shape of a large-
width resonance. In the search using the collision data recorded in 2015, a moderate excess was
observed at a diphoton invariant mass around 750 GeV with a best-fit width of around 45 GeV,
corresponding to a local significances of 3.8-3.9 standard deviations, depending on the spin of
the resonance being searched for. The global significances are estimated to be 2.1 standard
deviations. The search is updated with 2016 data and no significant excess is observed. Limits
on the production cross-section times branching ratio to two photons for the two resonance
types are reported: for a spin-0 resonance, the fiducial cross-section ranges from 12 fb (51 fb) at
200 GeV to 0.2 fb (0.3 fb) at 2400 GeV, with the narrow (10% of the mass) width hypothesis.

A part of this document is also devoted to the study of photons that convert into electron-
positron pairs before entering the calorimeter using their electromagnetic shower information.
The conversion study has two objectives: improving the identification of photon conversion at
high pile-up rate and providing an orthogonal classification method to assess the performance
of the standard track-based algorithm.



Résumé

Le sujet de cette these est la recherche de signaux de physique au-dela du modele standard,
dans le canal de désintégration en deux photons, dans les collisions proton-proton enregistrées
par le détecteur ATLAS & des énergies dans le centre de masse de /s = 8 TeV en 2012 et
Vs =13 TeV en 2015 et 2016.

Une étude de faisabilité de la recherche d’un boson pseudo-scalaire A se désintégrant en
un boson Z et un boson de Higgs d’une masse de 125 GeV est présentée. Cette étude est
effectuée dans le contexte de modeles prédisant deux doublets de Higgs. L’état final recherché
est constitué de deux jets hadroniques et deux photons et les données utilisées sont celles
enregistrées en 2012 & /s = 8 TeV, correspondant & une luminosité intégrée de 20.3 fb~!. La
sensibilité attendue est comparable a celle atteinte avec une autre recherche effectuée dans la
collaboration ATLAS, basée sur ’état final constitué d’une paire d’électrons ou muons et d’une
paire de leptons 7. En revanche, elle est inférieure a celle des études dans lesquelles le Higgs est
recherché dans sa désintégration en une paire de quarks beaux.

La recherche de nouvelles résonances de haute masse se désintégrant en deux photons dans
les collisions a 13 TeV est également présentée. Les échantillons analysés correspondent a des
luminosités intégrées de 3.2 fb~! en 2015 et 12.2 fb~! en 2016. Deux études sont développées :
I'une est optimisée pour la recherche, aussi générale que possible, d’une particule de spin 0;
la seconde cible une particule de spin 2 telle que le graviton prédit par le modele de Randall-
Sundrum. Une attention particuliere est portée a la compréhension et la paramétrisation de la
forme de la résonance dans I’hypothese ou celle-ci aurait une largeur naturelle non négligeable.
L’analyse des données enregistrées en 2015 conclut a I'observation d’un léger exces autour d’une
masse de 750 GeV, d’une largeur d’environ 45 GeV, et dont la significativité statistique locale
est estimée a 3,9 et 3,8 écarts standard selon le spin de la résonance recherchée. La significativité
globale est estimée a 2,1 écarts standard. L’analyse des données enregistrées en 2016 ne mene
a l'observation d’aucun exces significatif. Des limites sur le produit de la section efficace de
production d’une résonance par le taux de désintégration en deux photons sont établies : pour
une résonance de spin nul, elles vont de 12 fb (51 fb) & une masse de 200 GeV a 0,2 fb (0,3 fb)
a 2400 GeV, dans I'hypotheése d’une largeur naturelle de 4 MeV (10% de la masse).

Une étude de la reconnaissance des photons se convertissant en une paire électron-positon
avant d’interagir avec les calorimetres, basée sur la forme de la gerbe électromagnétique détectée
est également documentée. Cette étude a deux objectifs : d’une part, améliorer I'identification
des photons convertis dans le contexte de taux d’empilement élevés ; d’autre part, fournir
une méthode d’identification basée sur des informations indépendantes (calorimétriques) de
celles utilisées par la méthode standard (trajectoires des particules chargées) afin d’evaluer les
performances de cette derniere.



“Moderation is a fatal thing. Nothing succeeds like excess.”

— Oscar Wilde
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Introduction

The Standard Model of particle physics encapsulates our best understanding of how the funda-
mental particles and three of the four known forces are related. For decades, the Higgs boson
remained the last missing piece of the Standard Model. Its discovery was one of the key ob-
jectives of the Large Hadron Collider (LHC) at CERN. LHC is the world’s largest and most
powerful particle collider. It was constructed between 1998 and 2008, with operation com-
menced in November 2009. The period between 2009 and early 2013 is known as Run 1. LHC
delivered proton-proton collision data samples at centre-of mass energies of 7 TeV and 8 TeV in
2011 and 2012 respectively. On the 4th July 2012, the discovery of a new particle in the mass
region around 125-126 GeV consistent with the Standard Model Higgs boson was announced by
the ATLAS and CMS experiments. The discovery was the most important legacy of the Run 1.
The decay channel of the Higgs to two photons played a significant role thanks to the fully
reconstructed final state and an excellent mass resolution. Following Run 1, the machine was
shut down for a two-year period for planned maintenance, known as Long Shutdown 1 (LS1).
The LHC restarted in 2015 with an increase in the collision energy, from 8 TeV to 13 TeV. The
period from 2015 is known as Run 2.

Although the Standard Model has been successful in describing the phenomena within its
domain, it is still an incomplete theory. It does not explain gravity nor provide a candidate
for dark matter. Another example of its inadequacy is the lack of explanation of the matter-
antimatter asymmetry in the universe. While the SM allows for charge conjugation and parity
violation in the quark sector, it is insufficient by many orders of magnitude to account for the
primordial matter-antimatter asymmetry of the universe. One other shortcoming is what is
known as the hierarchy problem, where there exists a vast discrepancy between aspects of the
weak nuclear force and gravity. Thus, the search for new physics is the central theme of this
thesis performed within the ATLAS collaboration. ATLAS is one of the four major experiments
at the LHC. It is a general-purpose particle physics experiment and, together with CMS, is
designed to exploit the full discovery potential and the huge range of physics opportunities that
the LHC provides.

The present thesis work started in December 2013, during the LS1 period. Photon object
is the focus of the research activity in this thesis. A study on the conversion of photon into
electron-positron pair was carried out in the context of the technical task required to qualify
as an ATLAS author. The difference in shape of the electromagnetic shower created by the
unconverted photon or the converted photon in the calorimeter is studied to better identify the
photons that have converted. The study consisted in investigating the use of electromagnetic
shower variables to either improve the present conversion classification algorithm or to evaluate
its performance on data. This is in light of the expected degradation of performance of the
present algorithm with the number of collisions per bunch crossing, which is expected to increase
towards the end of Run 2. In parallel, a feasibility study of an A — Zh search with the h boson
decaying to v and the Z boson decaying to hadrons was also performed. The pseudoscalar
A is predicted by models with extended Higgs sector. In this search, h is assumed to be the
125 GeV boson discovered in 2012. The study aimed at assessing the sensitivity of this search
compared to other search channels in ATLAS.
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From the summer of 2015, I moved from the A — Zh study to a search for high mass
diphoton resonances. The increase in the LHC collision energy boosts the sensitivity to new
physics at high mass scale. The diphoton final state provides a clean experimental signature
for a generic search for new resonances. Unlike the previous study, the analysis was performed
in a team. I was first responsible to extend the search to large-width resonances by studying
the resonance shape under several model assumptions. I was also in charge of producing the
statistical results and investigating analysis improvement as well as several checks on the signal
and background modelling.

The search using 13 TeV data recorded in 2015 was first presented in December 2015 at
a seminar at CERN (also known as the End Of the Year Event), then updated at the 51st
Rencontres de Moriond on Electroweak Interactions and Unified Theories at La Thuile in March
2016 and subsequently published in the Journal of High Energy Physics. The 2015 result
triggered a great interest in the scientific community. 2016 was a productive year for the
LHC, and at the time of the 88th International Conference on High Energy Physics (ICHEP)
conference at Chicago in August 2016, the 2016 data available for analysis was almost four times
that of 2015. The high mass search was updated using 2016 data for the ICHEP conference.

In the second half of 2015, I have also taken shifts in the ATLAS control room manning the
calorimeter and forward detectors desk.

This thesis is organised as follows: Chapter 1 gives an overview of the Standard Model
and a brief introduction to some beyond Standard Model theories relevant to the new physics
searches carried out in the thesis. A general description of the LHC and the ATLAS detector is
outlined in Chapter 2. The reconstruction of photon candidates and the techniques to identify
photons are discussed in Chapter 3. Chapter 4 chronicles my work on the photon conversion
classification and measurement study. Moving on to the search analyses, the statistical method
used to interpret the data is presented in Chapter 5. The feasibility study of the A — Zh search
in the jjvv channel is reported in Chapter 6. The search for high mass diphoton resonances
is described over the next three chapters. Chapter 7 provides a theory-oriented study of the
high-mass, large-width resonance line shape under several model assumptions. The analysis
and the results from the search using 2015 data are reported in Chapter 8. Finally, the updated
analysis and the results using the first half of 2016 data are summarised in Chapter 9.
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Chapter 1

Theoretical Context

The theoretical context of the present thesis work is outlined in this chapter. The chapter
starts with a brief description of the Standard Model (SM), which is currently our best avail-
able description of the subatomic world, with a focus on the electroweak sector and the Higgs
mechanism. Non-resonant SM diphoton production is also discussed as it constitutes the main
background of the searches performed in this thesis. Some beyond the SM (BSM) theories
are also introduced: two-Higgs-doublet models (2HDMs) and models that include a high mass
diphoton resonance.

1.1 The Standard Model

The Standard Model of particle physics was developed in the early 1970s. It provides a theo-
retical description of the elementary particles that make up matter, and three of the four forces
that govern their interaction. In the SM, the fundamental particles are divided into matter
particles and force particles. The constituents of matter have spin 1/2, hence they are fermions.
The force particles on the other hand are mediator of the fundamental forces and have spin 1.
A third category of particle is the Higgs boson which has spin 0. Figure 1.1 shows the particles
in the SM and their properties (mass, charge and spin).

The SM includes the electromagnetic, weak and strong interactions, and all their carrier
particles, but does not incorporate gravity. Practically, this has a negligible effect on any
particle physics experiment since the gravitational force between particles is so much weaker
than even the weak force. If one attempts to describe gravity with a quantum field theory,
the theory appears to be not renormalisable. Although not yet found, the corresponding force-
carrying particle of gravity, called the graviton, would have spin 2.

The SM is the most successful theory of particle physics to date, with almost all of its
predictions confirmed experimentally. It predicted the existence of W and Z bosons, gluon, and
top and charm quarks before these particles were observed. The last missing piece, the Higgs
boson, was observed by the ATLAS and CMS experiments, and announced on 4 July 2012. The
SM also provides an excellent description of the quark model. Moreover, the violation of the
charge-parity (CP) symmetry in the weak interaction is well explained by the SM.

The SM is a gauge theory, based on the symmetry groups SU(3)c ® SU(2)r @ U(1)y. The
strong force is based on the SU(3)c group, and is described by Quantum Chromodynamics
(QCD). The electroweak theory which unifies the electromagnetic and weak interactions relies
on the SU(2)r, and U(1)y groups. The subscripts C' and Y refers to the colour and hypercharge
quantum numbers respectively, and L indicates coupling to only left-handed fields.

Local gauge invariance is required for the renormalisability and unitarity of the SM [1]. The
SM Lagrangian is invariant under local transformations of the gauge group and can be written
as a sum of QCD and EW terms:
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mass - =2.3 MeV/c? =~1.275 GeV/c? =173.07 GeV/c? 0 ~126 GeV/c?
charge - 2/3 u 2/3 C 2/3 t 0 0
spin > 1/2 12 12 1 Q 0
Higgs
up charm top gluon boson
=4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0
13 d 13 S -1/3 b 0
1/2 1/2 112 1 »
down strange bottom photon
0.511 MeV/c* 105.7 MeV/c? 1.777 GeVic? 91.2 GeV/c?
-1 -1 -1 0
172 e 12 ]'1 12 T 9 ;
electron muon tau Z boson
<2.2 eVic? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c?
o] 0 0 &4l
112 ])e 12 .I)I‘l 12 ])T 1 W
electron muon tau
neutrino neutrino neutrino W boson

Figure 1.1: Elementary particles in the Standard Model. Mass, charge and spin of the quarks,
leptons, gauge bosons and Higgs boson are also shown in the figure.

Lsm = Lqcep + Lew. (1.1)

1.1.1 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is a non-Abelian gauge theory of strong interactions that
describes interactions between quarks and gluons. Quarks are electrically charged and can exist
in one of three colour states (conventionally called red, green and blue). Colour is the charge of
the strong interaction, and can be thought of as a QCD analogue of the electric charge. Mesons
and baryons are colour-singlet combinations of ¢q and gqq respectively, where ¢ represents
quarks and ¢ anti-quarks, since only colourless objects can exist in nature as free particles, a
phenomenon called colour confinement. In the SM, there are six flavours of quarks: up, down,
strange, charm, top and bottom.
The Lagrangian of QCD can be written as [2]

1 vV a = (7
Lacp = —Ga" Gy + > @ (i(* D) — my)ay, (1.2)
1

where ¢y is a quark field of flavour f and * are the Dirac matrices.
The covariant derivative D, is

. Aa
D,=0,+ zgngu, (1.3)

where A, are the Gell-Mann matrices and G}, is the field strength tensor of the gluon fields
G, given by

G4, = 0,G — 0,G% + gs [ GG, (1.4)

with g being the strong coupling constant and f“bc(a, b,c =1,2,...,8) the structure constants

of SU(3)c.
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1.1. The Standard Model

1.1.2 Electroweak Theory

The electroweak theory (also known as the Glashow-Weinberg-Salam theory) [3-5] is a unified
description of the electromagnetism and weak interactions. The gauge group of the electroweak
theory can be written as SU(2), ®@U(1)y, where the SU(2), gauge transformation acts on weak
isospin fields and the U(1)y acts on weak hypercharge fields.

The Lagrangian for the electroweak interactions can be divided into four parts:

EEW = ﬁgauge + Ef + £Higgs + ﬁYukawa- (15)

The first term is the kinetic term for the gauge boson fields [6]:

1 1
Egauge - —ZW::VW;LV - ZB;UJBMV) (16)

where W§,(a = 1,2,3) and By, are the field strength tensors for the weak isospin and weak
hypercharge fields, W and By,:

WS, = 0, W — 0,W — gwe™ WiWy, (1.7)

and
B, = 0,8, — 0,B,. (1.8)

abe is the permutation

with gy being the coupling constant of the weak interaction and e
symbol.
The physical weak boson fields W/fc and Z,, and the photon field A, are linear combinations

of the W and B, gauge fields:

1 .
Wi = E(W; FiW2), (1.9)
Z, = WS cos By — By, sin Oy, (1.10)
A, =W sinby + By cos by, (1.11)

where Oy is the weak mixing (or Weinberg) angle defined as

gy

\V 9 + 95
with gy being the U(1)y coupling constant.

The second term of the electroweak Lagrangian is the kinetic term for the SM fermions:

sin 9W =

L =(t;r, dir)iv" Dy, ( Zli ) + (Uir, lin)iv" Dy, < ?ZLL ) +

U;riIY* Dyuig + digiy" Dydig + Ligiy" Dylig + h.c.

(1.13)

where the subscript ¢ runs over the generation of fermions, < le ) and ( Il/lLL ) are SU(2)L
(2 (2
doublets of quark and lepton fields, and w;r, d;g and l;r are right-handed singlets of up- and
down-type quark and charged lepton fields. In the electroweak theory, the left-handed fields are
SU(2)r, doublets, while their right-handed partners transform as SU(2)[, singlets. Since the left-
handed and the right-handed fermions form different types of multiplets, the weak interaction
does not respect the parity or the charge-conjugation symmetries. The left-handed and the
right-handed fermions also have different U(1)y hypercharges, which is needed to give them
similar electric charges @ = Y/2 + I3 where Y is the hypercharge and I3 is the weak isospin.
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Chapter 1. Theoretical Context

For instance, left-handed up-type quarks have isospin of 1/2 and hypercharge 1/3, consequently
an electric charge of 2/3, while right-handed up-type quarks have isospin 0 and hypercharge
4/3 hence an electric charge of 2/3.

The gauge covariant derivative D, is given by

Y
D, =08, + igW%Wﬁ +igy 3 By (1.14)

where o, are the Pauli matrices.

The Lagrangian terms introduced so far described the free propagation and interaction of
the fermion and gauge fields. However, there is no mass term, and therefore the weak gauge
boson and fermions are massless according to the above Lagrangian. Indeed, mass terms for the
gauge bosons like %mQBMB“ are not gauge invariant. It is also impossible to write mass terms
for the fermions since the left-handed and right-handed fermions transform differently under
SU(2) L.

The two additional Lagrangian terms Lyiggs and Lyukawa are needed to give a mass to
fermions and weak bosons. This is described in the next section.

1.1.3 The Higgs Mechanism

In order to generate masses for the weak bosons while respecting gauge invariance, the SU(2);®
U(1)y gauge symmetry needs to be spontaneously broken. The mechanism of the EW symmetry
breaking was developed by three groups in 1964: Robert Brout and Frangois Englert [7], Peter
Higgs [8] and Gerald Guralnik, Carl Richard Hagen and Tom Kibble [9]. It is popularly known
as the Higgs mechanism.

One can introduce a SU(2), doublet of complex scalar fields

¢t ) 1 < ¢1 + 02 )
O = = 4 , 1.15
( & ) =72\ satin (1.15)
and add the Lagrangian density terms

L = (D"®)(D,®) — V (), (1.16)
where the covariant derivative D* is given in Eq. 1.14.
The potential V(®) is defined as
V(®) = p2®Td + A(BTD)2, (1.17)

with 2 < 0 and A > 0 corresponding to a potential with a ‘Mexican hat’ shape, as shown
in Figure 1.2. The minimum of the potential is reached for complex field values that lie in a
circle around the origin, with radius v = /—pu2/\, which is the vacuum expectation value of
the scalar field.

Generally, the minimum of the potential is chosen to be along the real part of the lower

component of ®:
1 0
b =—— 1.18
00 (-18)

to ensure that the photon remains massless. In choosing this minimum, the underlying symme-
try is lost, i.e. the electroweak symmetry is broken.
Writing the scalar field as an expansion around the vacuum expectation value in the unitary

gauge:
1 0
d=— 1.19
S5 ) (1.19)
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Figure 1.2: Shape of the Higgs potential for p? < 0.

one can expand the Lagrangian in Eq. 1.16 near this minimum. Expanding the first term
in the Lagrangian, one obtains [6]

2
I3 = o Z0ppa 4o L gy L 0
(D*®)'(D,®) = (04 + igw 5 Wy +zgy2Bﬂ)\/§ < vt h
v+ h)? _
O (agh W w4 (ghy + 0212, 2%)

From the terms %UQQ%,‘/WFL_W+“ and %’02(9‘24/ + g)z/)ZuZ“, the masses of W and Z bosons
can be identified as

(1.20)
1
= S0uh"h +

and
m WIS v (1.22)
Z= 2 "~ 2cosfOy’ ’

The photon remains massless. The vacuum expectation value v can be obtained from the
measurement of the muon lifetime [10]:

w2 L o6 Gev, (1.23)

gw VV2GE

where G is the Fermi coupling constant.
The expanded Lagrangian from Eq. 1.16 is

o1 " (w+h)? o o tu 2 2 " N_4 2,2 3, A4
(1.24)
Further expanding the terms that describe the coupling of the Higgs boson with the W and
Z: )
1 _ 2m .
5 hvgiy W, W = =R W, (1.25)
1 2 2 my
Zh’U(gW + gy)ZMZM = ThZ#ZN, (126)

one recognises that the coupling of vector boson is proportional to the square of the boson
mass.
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Chapter 1. Theoretical Context

After the symmetry breaking, three of the four degrees of freedom in the Higgs field are
absorbed to give the W and Z bosons their longitudinal components. The remaining degree
of freedom becomes the Higgs boson—a new scalar particle. The mass of the Higgs boson
appeared in the above Lagrangian and is v/2|u?| = V2 v. However, since X is a free parameter
of the theory, the Higgs boson mass is not predicted.

One can also introduce fermion masses by coupling the fermion fields to the scalar field.
This is achieved with gauge-invariant Yukawa terms [11]:

Lyukawa = — Z (F%(aiLy diz)Pujr + dej (tir, dir)®dig + Fi‘j(ﬂiL7 lLir)®lLir
families (127)
+ F?j(ﬁu], l_iL)&)VjR + hC) ,

where the matrices Flfj describe the so-called Yukawa couplings between the Higgs doublet
and the fermions. As the neutrino has no right-handed counterpart in the SM, it can not acquire

. N 0 = v+h
1 1
a mass term through Yukawa coupling. Substituting ® = 7 < ot h ) and ® = 7 ( 0 >,

one obtains the Lagrangian terms after symmetry breaking:

[y _ h Y _ h
- _ E W (5. V1 4+ s W (5. W1+ )
Lyukawa e ( \@ (uzLadzL)( + U)“’JR + \& (uZL7 dlL)( + U)d]R

(1.28)

Féj” - h
+ (DiLJiL)(l‘i‘ ;)ljR-i-h.C. .

V2

At this point, the Yukawa couplings have not been specified. In order to generate the

correct mass for every fermion, one identifies the coupling of each fermion to the Higgs as being
.
”; = my. Figure 1.3 shows a parameterisation of the (square root

proportional to its mass, i.e.

of the) coupling to fermions (bosons) as a function of the mass, from a combined measurement
in the ATLAS and CMS experiments [12]. The parameterisation is chosen so that the behaviour
expected in the SM is linear with the same slope for fermions and bosons.

1.1.4 Higgs Production and Decay at the LHC

In the SM, the main production mechanisms for Higgs particles at hadron colliders are: the
associated production with W /Z boson, the weak vector boson fusion processes, the gluon-gluon
fusion mechanism and the associated Higgs production with top quark. This reflects the fact
that the Higgs boson couples preferentially to the heavy particles, that is the massive W and Z
vector bosons, the top quark and to a lesser extent, the bottom quark. Of these, the dominant
production mode at the LHC is the gluon-gluon fusion, followed by the vector boson fusion.
This is due to the much higher gluon-gluon luminosity even though the process is mediated by
triangular loops of heavy quarks. The Feynman diagrams of these processes are displayed in
Figure 1.4.

The properties of the SM Higgs particle depend on its mass my. Since the Higgs couplings
to gauge bosons and fermions grow with the masses of the particles, the Higgs boson will tend
to decay into the pair of particles with highest mass that are kinematically allowed. The decay
branching ratios of the SM Higgs as a function of its mass are shown in Figure 1.5.

In the Handbook of LHC Higgs Cross Sections 4 [16], most up-to-date predictions of Higgs
boson production cross-sections and decay branching ratios are presented. The production
cross-section of a SM Higgs with mass 125 GeV [17] at centre-of-mass energies of 8 and 13 TeV
and its branching ratios are listed in Table 1.1 and 1.2 respectively.!
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Figure 1.3: Coupling strength parameterised as kpmp/v for the fermions and as \/kymy /v
for the weak vector bosons as a function of particle mass from the combination of ATLAS and
CMS Run 1 data. The coupling modifiers kr and ky are equal to one in the SM case. The
dashed (blue) line indicates the predicted dependence on the particle mass in the case of the SM
Higgs boson. The solid (red) line indicates the best fit result to the phenomenological model of
Ref. [13] with the corresponding 68% and 95% CL bands [12].
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Figure 1.4: Dominant SM Higgs boson production mechanisms in hadronic collisions: associated
production with W /Z (top left), vector boson fusion (top right), gluon-gluon fusion (bottom left)
and associated production with heavy quarks (bottom right). @ represents heavy quarks [14].

For my = 125 GeV, the Higgs decays predominantly to two b-quarks, with a branching ratio
of 58.24%. On the other hand, the branching ratio of the H — 7+ decay, which is of central
interest in this thesis, is very low. The decay occurs via the loop-induced processes depicted in
Figure 1.6, mediated by W boson and charged fermions. Since the Higgs couplings to fermions
is proportional to the fermion mass, the contribution of light fermions is negligible, hence only

!The combined mass measurement from ATLAS and CMS gives 125.09 & 0.21(stat.) + 0.11(syst.) GeV [17],
but we take it as 125 GeV here.
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Figure 1.5: Standard Model Higgs boson decay branching ratios [15].

Production mode  og tev [Pb] 013 Tev [PD]

Gluon-gluon fusion 21.42 48.58
Vector boson fusion 1.601 3.782
WH 0.7026 1.373
ZH 0.4208 0.8839
ttH 0.1330 0.5071

Table 1.1: SM Higgs production cross-sections at /s = 8 TeV and 13 TeV with my = 125 GeV,
as presented in the Handbook of LHC Higgs Cross Sections 4 [16].

Decay mode Branching ratio [%]

H — bb 58.24
H—->WW 21.37
H— 711 6.272
H—ZZ 2.619
H — vy 0.227
H — Z~ 0.153
H — pp 0.022
H — other 11.1

Table 1.2: SM Higgs branching ratios with mpy = 125 GeV, as presented in the Handbook of
LHC Higgs Cross Sections 4 [16].

the top quark effectively contributes. Moreover, the W boson loop process and the top quark
loop process interfere destructively, leading to a branching ratio of 0.227%. Despite the low
branching fraction, the diphoton decay channel constitutes one of the main discovery channel
thanks to the excellent diphoton mass resolution of the LHC detectors and clean experimental
signature.
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Figure 1.6: Loop-induced Higgs boson decays into two photons (or Zv) [14].

1.2 Non-Resonant Diphoton Production

Non-resonant diphoton production is the main background to the high mass diphoton resonances
search (Chapters 7 to 9). It also contributes to the background of the A — Zh search in the
jjv~y final state reported in Chapter 6 if additionally at least two jets are present.

The SM prompt diphoton production can be split into direct photon production and pro-
duction of fragmentation photons, where one or both of the two final state photons actually
comes from the fragmentation of a quark or a gluon.?

There are three main processes contributing to the non-resonant diphoton production:

e the Born process gq — 77, of order O(a?),
e the box process gg — v, of order O(a?a?), and
e the bremsstrahlung process qg — g7y, of order O(a?ay).

where « is the fine structure constant defined as e?/47 (e is the electric charge of the electron)
and ag = g2 /4.

Although the box process is next-to-leading order (NLO), its cross-section is significant
due to the enhanced gluon-gluon luminosity at the LHC. Figure 1.7 shows the leading order
Feynman diagrams of the above processes including processes with photons produced in parton
fragmentation.

In addition, SM photon-jet (vj) and dijet (jj) production also contributes to the total
background when the jet(s) is(are) misidentified as a photon. These processes have cross-
sections that are many orders of magnitude higher than the diphoton cross-section.

2Due to colour confinement, a quark or a gluon cannot be directly observed. It instead fragments into many
partons and can radiate a photon in the process.
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Figure 1.7: Feynman diagrams at the lowest order of (a) the Born process gg — 77, (b) the box
process gg — 77, (c¢) the bremsstrahlung process gg — ¢y and leading order fragmentation
processes where (d) one or (e) two partons fragment into high-ppr photons.

q g q g
e e AVAVAVAVAV, VAV —>— 0000000
Y
0 5(15 0000 > p —— \ N\ NN\
g / a g
(a)
g g
q g9 q 9
——>——(TTOOOOD —>—0300000"
Y Y
g T g q g g g

Figure 1.8: Leading order Feynman diagrams of (a) photon-jet and (b) jet-jet processes.

1.3 Beyond the Standard Model

While the SM is self-consistent, it is an incomplete theory. There are a number of observations
that cannot be explained by SM. It does not explain gravity, the matter-antimatter asymmetry
and the hierarchy problem, nor provide a dark matter candidate. In addition, according to the
Standard Model, neutrinos are massless particles, which is contradicted by the observation of
neutrino oscillations [18] in 1998 by the Super-Kamiokande collaboration. This can be accounted
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1.3. Beyond the Standard Model

by a modification to the Standard Model to include neutrino mass, see Ref. [19] for an example
of formulation.

There are many theoretical developments attempting at explaining the deficiencies of the
Standard Model. Most consists of various extensions of the Standard Model since the SM
already describes the phenomena in its domain very well. The BSM theories related to the
searches performed in this thesis are presented in the following, namely the two-Higgs doublet
models (2HDMs) and models that include a high mass diphoton resonance.

1.3.1 Two-Higgs-Doublet Models

Two-Higgs doublet models [20] are some of the simplest possible extensions of the SM. They
are built by extending the SM scalar sector from a single scalar SU(2) doublet to two scalar
doublets.

With two complex scalar SU(2) doublets there are eight fields. Three of the degrees of
freedom become longitudinal degrees of freedom of the massive gauge bosons; the remaining five
are physical scalar (Higgs) fields. The five physical particles that survive electroweak symmetry
breaking are the CP-even neutral Higgs bosons h and H (conventionally, h is lighter than H),
the CP-odd pseudoscalar A and two charged Higgs bosons H*.

A feature of general 2HDMs is the existence of tree-level flavour-changing neutral currents
(FCNC). One can avoid these potentially dangerous interactions (since tree-level FCNC is not
observed) by imposing discrete symmetries. The Paschos-Glashow-Weinberg theorem [21,22]
states that requiring that each group of right-handed fermions (up-type quarks, down-type
quarks and charged leptons) couples exactly to one of the two doublets is necessary and sufficient
to avoid FCNC at tree level.

The 2HDMs can be classified into five classes: Type-I, II, III, lepton-specific and flipped
model. Type-III 2HDMs include tree-level FCNCs, while the other types lead to natural flavour
conservation. Table 1.3 lists the types of 2HDMs and which of the two doublets (®; and ®3) a
fermion type couples to. The Type-I and Type-II 2HDMs are the most studied, thus only these
two are considered in the following.

Type Description UiR d;R €iR remarks

®5 couples to fermions, ¢ to gauge
bosons
up- and down-type quarks couple to

Type-1 fermiophobic Dy Py Dy

Type-II MSSM-like 2 1 1 separate doublets
X lepton-specific @5 ) @
Y flipped oy Oy 31
flavor-changing neutral currents at
Type-II1 D1,y Oy, Py Py, Dy

tree level

Table 1.3: Description of two-Higgs-doublet models and the doublet(s) that couple(s) to different
fermion types (up-type right-handed quarks u}é, down-type right-handed quarks d% and charged
right-handed leptons e}é). By convention, ®, is the doublet to which up-type quarks couple.

A 2HDM has six free parameters: four Higgs masses (my,, mg, ma, my+), the ratio of the
two vacuum expectation values ( tan 8 = vy /v1 ) and the mixing angle « of the neutral CP-even
2HDM Higgs bosons.

In all models, the coupling of the light Higgs h to either WW or ZZ is the same as the SM
coupling multiplied by sin(f — «) and the coupling of the heavier Higgs H is the same as the
SM coupling times cos(f — «). To obtain the SM-like limit (also known as decoupling limit)
where the couplings of the h boson are SM-like, one sets sin( — a) — 1.
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Chapter 1. Theoretical Context

Coupling of the pseudoscalar A to vector bosons is absent at tree level. The pseudoscalar
A decays predominantly to bb if the top-quark threshold is not reached. For a mass of A boson
above two times the mass of top quark, then the decays to t¢ dominate instead. If the mass of
the pseudoscalar is above my + myz =~ 220 GeV, but below 350 GeV, the A — Zh decay mode
can be a good probe for new physics search. Figure 1.9 shows the branching ratio of A — Zh
decay as a function of the pseudoscalar mass for sin(f — o) = 0.99 and Type-I 2HDMs.

1 P e

=
N
T
<
E 10
102
r type-I 2HDM, tanf=1, sin(B-a)=0.99 ]
10-3 e b b e b e b b v by
200 300 400 500 600 700 800 900
m, [GeV]

Figure 1.9: Branching ratio of A — Zh decay as a function of the mass of the pseudoscalar m 4
for sin(8 — a) = 0.99 and Type-I 2HDMs [23].

The A boson is produced mainly through gluon fusion and in association with b-quarks.
The production of the A boson in association with b-quarks is relevant for Type-II 2HDMs in
the high tan g8 region.

1.3.2 Models that Include a High Mass Diphoton Resonance

A high mass diphoton resonance can be either spin-0 or spin-2. Spin-1 state decaying to two spin-
1 photons is excluded due to the Landau-Yang theorem [24,25] and higher spins are disfavoured
theoretically.

Spin-0 resonances are predicted by models with extended Higgs sectors [26-32], including
2HDMSs. In these models, the resonances can be either scalar or pseudoscalar, and can have
significant branching ratios into two photons in certain scenarios. In the specific case of the
2HDMs [20], the couplings of the heavy scalar and pseudoscalar to the W and Z bosons can
be very small (when one assumes SM-like limit) or vanish. Under these assumptions, sizable
branching fractions in diphoton final states are possible. In most cases of extended Higgs sectors,
the additional Higgs bosons are produced predominantly in the LHC via gluon-gluon fusion due
to the much higher gluon-gluon luminosity compared to quark-antiquark.

Another simple extension to the SM is to introduce a scalar that is a singlet under the SM
gauge group. In the scalar singlet model introduced in Ref. [33], a discovery in the vy channel
is possible while it could be missed in other final states. The Lagrangian for the scalar singlet
X interaction with SM fields can be written as

2 g2

2 . . -
Lx = C39TXGZVGMVGX + ngKW;VWMWX +c A BMVB/“/X + ZCf%ffX, (1.29)
f

where A is an energy scale above which BSM physics shows up, the ¢;(i = 1,2,3, f) are di-
mensionless coefficients and f is any SM fermion of mass my. The partial width of X to two
photons is a function of the coefficients of the Lagrangian and is proportional to the mass of
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the scalar my cubed [33]:
(c1 + ca)?etm3,
4 A2

In the spin-2 case, a popular example of theories predicting a new high-mass diphoton
resonance is the Randall-Sundrum (RS) model [34]. The RS model attempts to solve the
hierarchy problem of the SM, where the electroweak scale (Mgw ~ 10° GeV) is much lower
than the Planck scale (Mp; ~ 10! GeV).

The model postulates the existence of a fourth spatial dimension that is compactified in
a warped geometry space. It involves a finite five-dimensional bulk that contains two (341)-
dimensional branes: the Planck brane and the TeV brane. SM particles are restricted to the
TeV brane, whilst gravity is free to propagate in the bulk.

NX —vyy) = (1.30)

S
N

Planck Bulk

L
Vv EvEvEvEE

I/
0

Figure 1.10: Randall-Sundrum scenario with two branes enclosing a five-dimensional bulk.

Given this space-time configuration, TeV scales are naturally generated from the Planck
scale thanks to a geometric warp factor that relates the fundamental Planck scale on one brane
to the apparent scale on the other with a coupling scale defined as

Ay = Mpjexp(—kren), (1.31)

where Mp; = Mp/v/87 is the reduced Planck scale, and k and 7. are the curvature and
compactification radius of the extra dimension, respectively.

The propagation of the graviton in the bulk leads to a series of massive graviton excitations,
known as a Kaluza-Klein (KK) tower, that is visible on the TeV brane. These KK gravitons
should have spin 2, a mass splitting between successive KK levels on the TeV scale, and a
universal dimensionless coupling k/Mp; to the SM fields. The degrees of freedom of the RS
model can be expressed in terms of k/Mp; and the mass mg+ of the lightest KK graviton
excitation G*. As opposed to the concept of Large Extra Dimensions (also known as ADD
model after Nima Arkani-Hamed, Savas Dimopoulos and Gia Dvali) [35], where a continuous
spectrum of Kaluza-Klein states is predicted, the Randall-Sundrum model predicts a series of
narrow heavy graviton resonances.

1.3.3 750 GeV Models

The preliminary result of the high mass diphoton resonances search using 2015 data showing
a broad excess at 750 GeV (see Chapter 8) attracted significant theoretical interest. In the
few months after the result was presented in a seminar at CERN in December 2015, a huge
amount (about five hundred) of papers attempting at explaining the origin of the excess were
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published. Many models were proposed, and it would be impossible to list them all. Ref. [36]
gives a review of the various models that can explain the 750 GeV diphoton excess. In most
models, the new resonance is assumed to be spin-0, as spin-2 graviton is disfavoured because
it couples universally to SM fields and no excess has been seen in the lepton channels. Gluon-
initiated production is also preferred due to the higher increase in the gluon-gluon luminosity
at /s = 13 TeV compared to 8 TeV, which is more compatible with the absence of excess in
Run 1 data.

In order to obtain the observed rate, dimension-5 non-renormalisable effective Lagrangian
can be used. This is a good approximation to a generic theory with extra particles in the loop
of the X — v decay, provided such particles are much heavier than the mass of the resonance.
This is similar to the scalar singlet model described previously.

In what is known as the everybody’s model, a neutral scalar X and extra charged fermions
or scalars @) are added to the SM. X — vy and gg — X are both mediated by @ (replacing the
Feynman diagram in Figures 1.4 and 1.6 by non-SM particles ) in the production and decay
loop). Q cannot be a SM particle since X would also decay into a QQ pair at tree level. For
instance, if the loop is mediated mainly by the top quark, then X could decay mainly to a pair
of top quarks and such a final state would have been observed.

Other possibilities that have been proposed include spin-2 graviton that couples more
strongly to photons than leptons, composite resonance, dark matter mediator and many others.
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Chapter 2

The Large Hadron Collider and the
ATLAS Detector

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [37] is the world’s largest particle accelerator, designed
to collide protons and heavy ions at a centre-of-mass energy of /s = 14 TeV. It lies in a
tunnel previously used by the Large Electron-Positron collider (LEP) which is 27 kilometres in
circumference and around 50 to 175 metres beneath the France-Switzerland border near Geneva,
Switzerland.

The construction of the LHC began in 1998. The re-use of existing LEP tunnel and its
injection chain helped to cut the costs and time needed for the construction. LHC consists of
two rings with counter-rotating beams, that collide at four points where the two rings of the
machine intersect. There are four main LHC experiments: ATLAS [38], CMS [39], LHCb [40]
and ALICE [41], one at each collision point.

The first LHC beam was circulated through the collider on 10 September 2008. However,
a faulty connection between two magnets caused the machine to be stopped for repairs. On
20 November 2009, the LHC started operations again. The beam energy was 3.5 TeV in 2010
and 2011, then increased to 4 TeV in 2012 which corresponds to /s = 8 TeV. Between Run 1
(2009-2013) and Run 2(from 2015), The LHC was shut down in early 2013 for a planned two
year upgrade, a period known as Long Shutdown 1 (LS1). In 2015, the machine restarted and
the first stable beam collisions at /s = 13 TeV happened on 3 June 2015.

2.1.1 The LHC Injection Chain

The LHC relies on a series of accelerators to accelerate protons and heavy ions to high energies.
Each machine boosts the energy of the particles before injecting them into the next machine.
The accelerator complex at CERN is shown in Figure 2.1.

The proton source is a bottle of hydrogen gas, from which electrons are stripped off by an
electric field. The protons are injected into the LINAC2, a 30 metres long linear accelerator,
which further accelerates them to the energy of 50 MeV. The beam is then transferred to the
Proton Synchrotron Booster (PSB) which brings the beam energy to 1.4 GeV, followed by the
Proton Synchrotron (PS), which accelerates the beam to 25 GeV. The protons are then injected
to the Super Proton Synchrotron (SPS) where their energy is accelerated to 450 GeV.

Finally, the proton bunches are transferred to the two beam pipes of the LHC. The beam in
one beam pipe circulates clockwise while the beam in another circulates anticlockwise. The LHC
then accelerates the beams to the desired energy, which is 4 (6.5) TeV in the 2012 (2015-2016)
data-taking.

The beams are guided around the accelerator ring by superconducting magnets. Thousands
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Figure 2.1: CERN accelerator complex.

of magnets of different varieties and sizes are used to direct them around the accelerator. These
include 1232 dipole magnets 15 metres in length which bend the beams, and 392 quadrupole
magnets, each 57 metres long, which focus the beams. The dipoles of the LHC represent the
most important technological challenge for the LHC design. They are able to provide a nominal
magnetic field of 8.3 T and require an operating temperature of 1.9 K. Radiofrequency cavities
with a maximum oscillation of 400 MHz are used to accelerate the particles from 450 GeV to a
maximum of 7 TeV and then keep them at a constant energy by compensating for energy losses.

After injection and acceleration, protons are circulated and collided for a period of time—
usually several hours. This is known as a fill. The protons of the LHC circulate around the ring
in well-defined bunches. In the LHC, under nominal operating conditions, each proton beam
has 2808 bunches, with each bunch containing about 10! protons.

2.1.2 Luminosity

The performance of the LHC can be characterised not only by its beam energy but also by the
luminosity. Luminosity is a measure of the number of interactions or events per second. For a
specific type of event, its rate is given by L - 0¢yent, Where L is the instantaneous luminosity and
Oevent the cross-section of the process.

The luminosity of two Gaussian beams colliding depends on the parameters of the beam:

_ Nanbfrev _ N}?nbfreV/YTF’ (2.1)

L A 4dre, B*
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2.1. The Large Hadron Collider

where A is the cross-sectional area, Ny, is the number of particles per bunch, n; the number of
bunches per beam, fiey the revolution frequency, -, the relativistic v factor, €, the normalised
transverse beam emittance, 5* the beta function at the collision point and F' the geometric
luminosity reduction factor due to the crossing angle at the interaction point (IP). The in-

stantaneous luminosity has unit of cm™2?s~!. The beta function relates the beam size o to the
emittance: )
B* — o 77“7 (22)
€n

and the geometric luminosity reduction factor F' is given by

F= (1 + (9‘302)2) o : (2.3)

20%*

with 6. being the crossing angle at the interaction point, o, the RMS bunch length and ¢* the
transverse RMS beam size at the interaction point.

The LHC has a design instantaneous luminosity of 103* cm™2s~! and bunch spacing of 25 ns.
While the instantaneous luminosity is important, integrated luminosity is often used to describe
the performance of the collider as it measures the amount of data available to analyses. The
aim of the operation of an accelerator is to optimise the integrated luminosity, which is simply
the integral of the instantaneous luminosity with respect to time, £ = f Ldt. The integrated
luminosity is often expressed in inverse femtobarn (fb™!) where a barn is a unit of area equal
to 10~ 24 cm?.

Figure 2.2 shows the expected cross-sections and event rates for several processes of interest
at hadron colliders as a function of the centre-of-mass energy.

2.1.3 Performance and Pile-up

Figure 2.3a shows the cumulative integrated luminosity delivered to ATLAS during the period
where the beams are stable as a function of month in the year 2011, 2012, 2015 and 2016.
The peak instantaneous luminosity as a function of time in 2016 is shown in Figure 2.3b. The
design instantaneous luminosity has been exceeded in 2016 where the peak luminosity reaches
1.37 x 1034 cm =257,

A disadvantage of the high number of closely-spaced bunches in the beam each containing
a large number of particles, and therefore high instantaneous luminosity, is the occurrence of
additional pp collisions in addition to the collision of interest, referred to as pile-up. The in-time
pile-up refers to the occurrence of multiple collisions in the same bunch-crossing whereas out-
of-time pile-up refers to the the additional collisions occurring in bunch-crossings just before
and after the collision of interest. Pile-up events affect the measurement of the physics objects
used in the analysis from additional energy contributions and track misreconstruction.

In 2012, the mean number of interactions per crossing (u) was 20.7. In the beginning of Run
2, (u) was 13.7 in 2015 and 24.2 in 2016. The pile-up is expected to be higher in the following
years.
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Figure 2.2: Expected cross-sections and event rates for signal and background processes at
hadron colliders, as a function of the centre-of-mass energy /s. The discontinuity in some of
the cross-sections at 4 TeV is due to the switch from proton-antiproton (Tevatron) to proton-
proton (LHC) collisions at that energy [42].
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Figure 2.3: (a) Cumulative luminosity versus month in the year delivered to ATLAS during
stable beams and for high energy pp collisions. (b) The peak instantaneous luminosity delivered
to ATLAS during stable beams for each LHC fill as a function of time in 2016.
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2.2. The ATLAS Detector

2.2 The ATLAS Detector

The ATLAS (A Toroidal LHC ApparatuS) detector [38] is one of the experiments at the LHC.
It is a multi-purpose particle detector with a forward-backward symmetric cylindrical geometry.

2.2.1 Coordinate System

The coordinate system used by ATLAS is a right-handed system with its origin at the nominal
interaction point in the centre of the detector. The z-axis is along the beam pipe while the z-y
plane is transverse to the beam direction. The z-axis points from the IP to the centre of the
LHC ring, and the y-axis is defined as pointing upwards. The side of the detector with positive
z is named side-A while the opposite side with negative z is side-C.

Cylindrical coordinates (r, ¢) are used in the transverse plane, with the azimuthal angle ¢
measured as usual around the z-axis. The polar angle @ is rarely used; instead, pseudorapidity
or rapidity is preferred since differences in rapidity are Lorentz invariant under boosts along
the longitudinal axis. The rapidity is defined as y = 1/2In[(E + p.)/(E — p.)]. In the case
of massless objects, such as photons, the rapidity is equivalent to the pseudorapidity, which
is defined in terms of # as n = —Intan(6/2). The angular separation between two objects is

typically given by AR = \/An? + A¢?.

2.2.2 Detector Overview

The ATLAS detector is composed of three subsystems: the Inner Detector (ID), the calorimeter
and the Muon Spectrometer (MS). Each system is typically composed of a cylindrical section
centred at the interaction point called barrel, which is sandwiched between two end-cap com-
ponents, further along the beam line, to provide a large coverage.

The ID is a tracker surrounded by a superconducting solenoid that measures precisely the
tracks and vertices of charged particles. The ID consists of the pixel detector, the silicon
microstrip Semiconductor Tracker (SCT) detector and the Transition Radiation Tracker (TRT).
For the Run 2 of the LHC, a new pixel layer, named Insertable B-Layer (IBL) [43], has been
added close to the beam line.

The calorimeter consists of four subdetectors providing electromagnetic and hadronic energy
measurement: the electromagnetic (EM) calorimeter, the tile calorimeter, the Hadronic End-
Cap Calorimeter (HEC) and the Forward Calorimeter (FCal). Liquid Argon (LAr) technology is
used in the EM calorimeter, and also for the hadronic calorimeters in the end-caps and forward
regions. The hadronic calorimeter consists of the tile calorimeter in the barrel, which uses iron
absorbers and plastic scintillator tiles as active material and the LAr-based HEC and FCal.

The MS comprises of separate trigger and tracking systems, and is immersed in a supercon-
ducting air-core toroidal magnet.

The detector measures 25 metres in diameter and 44 metres in length, and weighs approxi-
mately 7000 tonnes. The detector layout is shown in Figure 2.4.

2.2.2.1 The Inner Detector and Solenoid

The Inner Detector [44] provides accurate reconstruction of the origins (through the primary or
secondary vertices), positions and momenta of charged particles. A sketch of the ID is shown
in Figure 2.5.

The ID is surrounded by a thin superconducting solenoid operating at 4.5 K that provides
a 2 T axial magnetic field. The field curves the trajectory of charged particles and allows for
a precise measurement of their momenta. For optimal calorimeter performance, the solenoid
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Tile calorimeters
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Figure 2.4: Cutaway view of the ATLAS detector. [38]

material was optimised to be as low as possible, amounting to 0.66 radiation lengths (Xj) at
normal incidence.!

Since the LHC operates at high instantaneous luminosity and there are many collisions
within the same bunch crossings, there is a very large track density in the detector. This
challenge is met by the fine granularity and high precision measurements of the detector. The
pixel detector and the SCT are made of silicon pixel and microstrip sensors that offer precise
tracking, while the TRT is a straw tracker with also particle identification capabilities using
transition radiation. Anticipating the challenges posed by high luminosities during Run 2 and
to mitigate the impact of radiation damage to the innermost layer of the pixel detector, a fourth
layer, the IBL has been added to ATLAS during the shutdown period between Run 1 and Run
2 at 33 mm away from the beam line.

In the barrel region, the silicon trackers are arranged on concentric cylinders around the
beam axis whereas in the end-caps they are located on disks transverse to the beam axis. The
pixel detector has high granularity, the minimum pixel size in R — ¢ x z being 50 x 400 pm?.
The pixel modules are arranged in three concentric cylinders in the barrel (R = 50.5, 88.5,
122.5 mm) in addition to the IBL and three disks in each end-cap (z = 495, 580, 650 mm). The
intrinsic accuracies are 10 pm in R-¢ and 115 pm in z (R) in the barrel (end-cap). The SCT
consists of four double layers of silicon microstrips in the barrel (R = 299, 371, 443, 514 mm),
and nine disks of varying sizes in each end-cap (from z = 854 to 2720 mm). Each microstrip is
6.4 cm long with a pitch of 80 pm. The intrinsic resolution is 17 x 580 um in R — ¢ X z (R in
the end-cap). The pixel detector and the SCT cover the region |n| < 2.5.

The TRT comprises many layers (73 in the barrel) of gaseous straw tubes interleaved with
transition radiation material, providing typically 36 hits per track. The barrel part provides
only R-¢ information. In the barrel, the straws are parallel to the beam axis whereas in the

!The radiation length is the mean distance over which a high-energy electron loses all but 1/e of its energy
by bremsstrahlung, and 7/9 of the mean free path for pair production by a high-energy photon.
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Figure 2.5: Sketch of the ATLAS inner detector showing all its subsystems, including the new
IBL. The distances to the IP are also shown. [45]

R =0mm

end-cap they are arranged radially in wheels. The straw tubes of the TRT provides tracking up
to |n| = 2.0.

The combination of precise silicon trackers at small radii with the TRT at larger radius
gives robust pattern recognition and high precision in both R-¢ and z coordinates. In addi-
tion to tracking, electron identification capability of the TRT is complementary to that of the
calorimeter.

2.2.2.2 Calorimetry

The calorimeters are situated outside the solenoidal magnet that surrounds the ID. There are
two basic calorimeter systems: an inner electromagnetic calorimeter and an outer hadronic
calorimeter. Both are sampling calorimeters, i.e. they consist of alternating layers of an absorber
and an active material that provides the detectable signal.

The barrel part of ATLAS calorimetry system is composed of a high-granularity lead/liquid-
argon (LAr) EM calorimeter and a steel/scintillating-tile hadronic calorimeter. In the end-caps,
the hadronic calorimetry is implemented with a LAr design instead of with scintillating tiles.
A schematic of the sampling calorimetry system is presented in Figure 2.6.

The LAr technology requires cryogenic installations, as the operation temperature is typ-
ically 87 K above which argon is a gas. The barrel EM calorimeter is contained in a barrel
cryostat, which surrounds the tracking detectors. Two end-cap cryostats house the end-cap EM
and hadronic calorimeters, as well as the forward calorimeter.

Liquid Argon Electromagnetic Calorimeter

The LAr electromagnetic calorimeter [46] has an accordion geometry. It is divided into a
barrel section covering the pseudorapidity region |n| < 1.45 and two end-caps covering the
pseudorapidity region 1.375 < |n| < 3.2. The EM calorimeter has three longitudinal layers.
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Figure 2.6: Cutaway view of the ATLAS calorimetry system. [38]

The first one, also called the strip layer, has a high granularity in 1 to discriminate between
showers initiated by single photons and by photon pairs from the decay of neutral mesons in
jets. The second layer collects most of the energy of the electromagnetic showers and has a
granularity of 0.025 x 0.0245 in 7 x ¢ at || < 1.4.2 A third layer has coarser segmentation in
n and is used to correct for leakage of high energy showers. The third layer covers only the
pseudorapidity region |n| < 2.5. In the region |n| < 1.8, a thin presampler layer is installed
in front of the first layer and is used to estimate the energy losses from material upstream of
the calorimeter. A sketch of the EM calorimeter in the barrel region is shown in Figure 2.7. A
summary of the pseudorapidity coverage, granularity and segmentation of the EM calorimeter
is provided in Table 2.1.

The relative energy resolution of the EM calorimeter can be parameterised as

b

7E @, (2.4)

a
E-VE®

where a, b and ¢ are n-dependent parameters; a is the sampling term, b the noise term, and
¢ the constant term. The design value of the sampling term is around 10% in the barrel and
worsens as the amount of material upstream of the calorimeter increases at larger |n|. The noise
term describes the fluctuations from pile-up and electronic noises. The constant term is due to
non-uniformities in the response of the calorimeter; it has a design value of 0.7%. The sampling
term and the noise term are important for low energy particles. At higher energies, the relative
energy resolution tends asymptotically to the constant term.

The thickness of the EM calorimeter is more than 22 X in order to fully contain the showers
of photons and electrons. Although the EM calorimeter is designed for electrons and photons,
typically a significant fraction of jet energy is deposited there.

2The length in ¢ is sometimes quoted as 0.025 and sometimes as 0.0245; in reality, it is defined as 27/256 =
0.02454.
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ter) are depicted. The granularity of the cells in each of the longitudinal layers is shown.

Barrel End-cap
Presampler 0.025 x 0.1 (|n| < 1.52) 0.025 x 0.1 (1.5 < |n| < 1.8)
0.025/8 x 0.1 (|n| < 1.4) 0.050 x 0.1 (1.375 < |n| < 1.425)

0.025 x 0.025 (1.4 < || < 1.475)  0.025 x 0.1 (1.425 < || < 1.5)

0.025/8 x 0.1 (1.5 < || < 1.8)

Layer 1 0.025/6 x 0.1 (1.8 < || < 2.0)

0.025/4 x 0.1 (2.0 < || < 2.4)

0.025 x 0.1 (2.4 < |n| < 2.5)
0.1x 0.1 (2.5 < |n| < 3.2)
0.025 x 0.025 (|| < 1.4) 0.050 x 0.025 (1.375 < || < 1.425)
Layer 2 0.075 x 0.025 (1.4 < || < 1.475)  0.025 x 0.025 (1.425 < || < 2.5)

0.1 x 0.1 (2.5 < |n| < 3.2)

Layer 3 0.05 x 0.25 (Jn| < 1.35) 0.050 x 0.025 (1.5 < [1] < 2.5)

Table 2.1: Granularity in An x A¢ of the EM calorimeter [38].

Tile Calorimeter

The tile calorimeter [47] is a hadronic calorimeter in the barrel that uses steel absorbers and
plastic scintillator tiles as active medium. The ultraviolet scintillation light that is produced
when a charged particle crosses the active medium is collected by wavelength-shifting optical
fibres that feed into photomultiplier tubes. The tile long barrel covers the region |n| < 1.0,
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and its two extended barrels cover the range 0.8 < |n| < 1.7. The tile calorimeter is divided
azimuthally into 64 modules and segmented in depth into three layers. The granularity is
0.1 x 0.1 in n X ¢ in its first two layers and 0.1 x 0.2 in the third. The hadronic calorimetry is
extended to larger pseudorapidities by the HEC and the FCal detectors.

Hadronic End-Cap Calorimeter

The HEC is a liquid argon sampling calorimeter using copper plates as absorbers. It is located
in the end-cap region and covers 1.5 < |n| < 3.2. The HEC comprises two wheels in each
end-cap cryostat: a front wheel (HEC1) and a rear wheel (HEC2), each wheel containing two
longitudinal sections. It has a granularity of Anpx A¢ = 0.1x0.1 at 1.5 < |n| < 2.5 and 0.2 x 0.2
for 2.5 < |n| < 3.2.

Forward Calorimeter

The LAr FCal is located in the same cryostat as the end-cap calorimeters and covers the forward
region of 3.1 < |n| < 4.9. Each FCal is split into three modules. Copper is used as the absorber
for the first layer, and tungsten for the other two.

2.2.2.3 Muon Spectrometer

The MS [48] is a system of tracking detectors surrounding the calorimeters, designed to identify
muons and measure their momenta. Muons interact little with the calorimeters, so their tracks
are measured precisely by the MS located on the outer part of the ATLAS detector system.
The muon tracks are deflected by the large superconducting air-core toroidal magnet [49, 50],
that gives ATLAS its name. The ATLAS toroidal system includes a barrel toroid (composed
of 8 separate coils) and two end-cap toroids, which together provide a 0.5 T field in the central
region and a 1 T field in the end-caps.

The MS consists of two tracking systems and two triggering systems. The Monitored Drift
Tubes (MDTs) and the Cathode Strip Chambers (CSCs) are designed for precision tracking.
The MDTs cover the pseudorapidity range |n| < 2.7 and consist of three to eight layers of
drift tubes. The MDTs are similar to the TRT’s straws, but with larger tube diameters. In
the forward region of 2 < |n| < 2.7, the CSCs which are multiwire proportional chambers with
cathode planes segmented into strips in orthogonal directions are used in the innermost tracking
layer due to their higher rate capability and time resolution.

The trigger system covers the pseudorapidity region of |n| < 2.4. Resistive Plate Chambers
(RPCs) are used in the barrel and Thin Gap Chambers (TGCs) in the end-caps. RPCs are
gaseous parallel electrode-plate detectors while TGCs are made of effectively the same technol-
ogy as the CSCs. Muon triggers are based on coincidences in two or more layers with a pattern
fitting the description of a muon track above a minimum p7 threshold.

2.2.2.4 Forward detectors

The ATLAS forward detectors are a set of smaller detectors in the forward region, whose main
purpose is to study inelastic pp scattering at small angles:

e LUCID (Luminosity measurements Using Cherenkov Integrating Detector), a Cherenkov
detector consisting of two symmetric modules installed at 17 m from the interaction
point. LUCID is dedicated to monitoring the LHC luminosity via the measurement of pp
inelastic collisions.

e ZDC (Zero Degree Calorimeters) located at 140 m from the interaction point is dedicated
to the measurement of centrality for heavy-ions collisions by the detection of forward
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2.2. The ATLAS Detector

spectator neutrons. It consists of six tungsten/quartz calorimeter modules where the
light from the quartz fibers is read out by photomultiplier tubes.

e ALFA (Absolute Luminosity For ATLAS), built with scintillating fiber trackers and lo-
cated at 240 m from the IP. It estimates the absolute luminosity of ATLAS by measuring
the elastic-scattering amplitude at small angles and by comparing it to the total cross-
section.

2.2.3 Trigger and Data Acquisition System

The LHC is designed with a maximum bunch crossing rate of 40 MHz. A multi-level (three-level
for Run 1, two-level for Run 2) trigger system [51,52] is used to select events to be recorded for
offline analyses.

The Level-1 (L1) trigger [53] finds regions of interest (Rols) in the calorimeters and MS
by using fast, dedicated hardware. It reduces the event rate to the 100 kHz level. Events
retained by the L1 trigger are passed to the high-level trigger (HLT) [54]. The HLT is further
divided into two parts during the Run 1 data taking: the Level-2 (L2) and the Event Filter (EF)
triggers. These are combined during Run 2. The HLT is software-based and has access to the
full detector information. The full event is read out and the algorithms used to reconstruct and
select objects are as close to the offline reconstruction software as possible. The HLT further
reduces the event rate to the 1 kHz level.

A trigger selection can be prescaled or un-prescaled: prescaled triggers only retain a fraction
of the events that would pass the trigger selection, to further reduce the data-flow rate and
avoid over-burdening the data taking system.

The Data Acquisition (DAQ) system is the framework in which the Trigger System operates.
After an event is accepted by the L1 trigger, the data are transferred to the Readout Drivers
(ROD). The digitised signals are converted into raw data and transmitted to the HLT. The
events selected by the HLT are transferred to mass storage. In addition to moving data down
to the trigger selection chain, the DAQ provides an interface for configuration, control and
monitoring of the ATLAS detector during data taking. Supervision of the detector hardware is
handled by a separate framework called the Detector Control System (DCS).

2.2.4 Computing and Software

The Worldwide LHC Computer Grid (WLCG) is a network connecting many computer centres
in many countries. It provides computing resources to store, distribute and analyse the data
generated by the LHC. The WLCG is made up of four layers, or tiers. The primary event (or
raw data) processing occurs at CERN in the Tier-0 facility. The raw data format is transformed
into the Event Summary Data (ESD) format, which contain all the reconstruction information
(calorimeter cells, tracks, etc) of the event. In addition, the data format can also be stored in
terms of the reconstructed physics objects instead of the detector information, named Analysis
Object Data (AOD).

Then, the datasets are copied to Tier-1 facilities around the world, which are responsible for
the safe-keeping of the raw and reconstructed data. Finally, the data are copied to the Tier-2
facilities, typically located in universities and other scientific institutes. Individual scientists can
access these facilities through local (also sometimes referred to as Tier-3) computing resources.

2.2.5 Data Quality

Only data recorded with stable beam and in optimal functional conditions of the ATLAS de-
tector are used in the analysis, ensuring all essential elements of the ATLAS detector were
operational with good efficiency. A Data Quality (DQ) assessment system is introduced in
order to identify problems that can occur during the data taking. Once the quality of the data
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for a given period is assessed and the problems identified, lumiblocks® or even entire runs that
cannot be used for physics due to a severe problem are rejected. A list of runs and lumiblocks
that are available for physics analysis is established and called the Good Run List (GRL).

On top of the GRL request, a series of standard cleaning cuts are applied. Data events that
are incomplete, corrupted, or have problems in the calorimetric system are removed. Events
with a trip in the tile calorimeter are also rejected.

The relative fraction of luminosity associated to data of good quality delivered by the various
subdetectors during the 2016 data taking up to 11 July 2016 is shown in Table 2.2. The toroid
magnet was off for some runs, but this does not affect the dataset used in the high mass diphoton
resonances search in Chapter 9. In this period of data taking, 91 to 98% of the total luminosity
delivered by the LHC is good for physics, depending on whether or not the data with toroid
magnet off can be used.

Inner Tracker Calorimeters Muon Spectrometer Magnets
Pixel SCT TRT LAr Tile MDT RPC CSC TGC Solenoid Toroid
98.9 999 100 99.8 100 99.6 99.8 99.8 99.8 99.7 93.5

Good for physics: 91-98% (10.1 — 10.7 fb~1)

Table 2.2: Luminosity weighted relative fraction of good quality data delivery by the various
components of the ATLAS detector/trigger subsystems during LHC fills with stable beams in
2016 data taken between 28 April and 10 July 2016, corresponding to a recorded integrated
luminosity of 11.0 fb~!. The toroid magnet was off for some runs, leading to a loss of 0.7 fb~*.
Analyses that do not require the toroid magnet can use that data.

3During the data taking, the events are split into lumiblocks that corresponds to roughly one or two minutes.

40



683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

701

702

703

704

705

707

708

709

710

711

712

713

714

715

716

717

718

719

Chapter 3

Photon Reconstruction and
Performance

Several physics processes in pp collisions produce final states with photons. In particular,
photons were instrumental in the discovery of the Higgs boson in the H — v channel in 2012.
The analyses that I have participated in as well as the study on photon conversion in Chapter
4 also involve photon objects. Thus, it is necessary to discuss how the photon candidates are
reconstructed.

A photon candidate can be either converted (produces an electron-positron pair when it
interacts with the material upstream of the EM calorimeter) or unconverted. If the conversion
occurs early enough in the inner detector, the associated charged tracks can be reconstructed.
A photon is classified as converted when one or two tracks match the energy cluster in the
electromagnetic calorimeter and the track(s) are consistent with those originating from a con-
version vertex. On the other hand, a photon that does not convert in the inner detector does
not leave tracks. Converted and unconverted photon is distinguished from electron which has
cluster matched to a well-reconstructed inner detector track originating from a vertex in the
beam interaction region. Due to certain ambiguities between the converted photon and the
electron candidates, the reconstruction of electrons is also briefly discussed in the following.

A large fraction of the reconstructed photon candidates are actually jets from hadronic
decays misreconstructed as photons. To reject these background photons, two types of selections
are applied on photon candidates: identification and isolation requirements.

The description on photon reconstruction and selection in this chapter are the foundations
of the following chapters on the photon conversion studies and the search analyses. The re-
construction process of the photon candidates is first outlined in Section 3.1. Section 3.2 then
describes the energy calibration process. Photon identification and isolation are summarised in
Section 3.3 and 3.4 respectively.

3.1 Photon Reconstruction

Photons and electrons are reconstructed in ATLAS from clusters of energy deposit in the EM
calorimeter. The EM calorimeter is divided into towers of size An x A¢ = 0.025 x 0.0245. Inside
each tower, the energy of all cells in the four longitudinal layers is summed, giving the energy
of the tower. Clusters are seeded by towers with total transverse energy above 2.5 GeV, and
searched for by a sliding window algorithm [55], with a window size of An x A¢ = 0.075 x 0.123
(3 x5 cells in 1 x ¢). The sliding window algorithm [55] selects a rectangular window of this size
that maximises the contained energy by adjusting the centre of the window in 7 and ¢. After
an energy comparison, duplicate clusters of lower energy are removed from nearby seed clusters.
The initial cluster reconstruction efficiency for photons with transverse energy Ep > 25 GeV is
estimated from simulation to be greater than 99%.
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Chapter 3. Photon Reconstruction and Performance

Once seed clusters are reconstructed, a search is performed for inner detector tracks [56,57]
that are loosely matched to the clusters, in order to identify and reconstruct electrons and
photon conversions.

Tracks are considered as loosely matched to a cluster if the distance between the cluster
barycentre and the extrapolation of the tracks to the middle layer of the EM calorimeter is
within 0.05 along n (for tracks with at least 4 hits in the silicon detectors) and 0.05 or 0.2 in
¢ depending on which side the track is bending towards. To recover low momentum tracks
that potentially suffered significant bremsstrahlung loss before reaching the calorimeter, the
extrapolated track after rescaling its momentum to the measured cluster energy is required to
be within 0.1 in ¢ to the cluster on the side the track is bending towards or within 0.05 on
the opposite side. Only tracks loosely matched to a cluster are retained for the reconstruction
of electrons and converted photons. Finally, the track parameters, except stand-alone TRT
tracks, are precisely re-estimated using an optimised electron track fitter, the Gaussian Sum
Filter (GSF) algorithm [58].

Double-track conversion vertex candidates are reconstructed from pairs of oppositely charged
tracks with transverse momentum pr > 500 MeV in the inner detector that are likely to be
electrons. The pairs are selected such that the tracks are close in space and have a small opening
angle. The selected track pairs are fitted to a common vertex under the constraint that they
are parallel at the vertex. There are three categories of track pairs forming a double-track
conversion: two tracks with at least four hits in the silicon detector (Si-Si), two tracks without
silicon hits (TRT-TRT) and pairs with one track with silicon hits and one stand-alone TRT
track (Si-TRT).

The efficiency to reconstruct photon conversions as double-track vertex candidates decreases
significantly for conversions taking place in the outermost layers of the inner detector. This is
due to late conversions where the two tracks are not well separated. Considering single-track
conversions allows to recover such late conversions as well as asymmetric conversions where one
of the two tracks has low transverse momentum. A candidate is reconstructed as a single track
conversion if the track does not have any hits in the b-layer, and if the tracks have hits in the
TRT, they are required to be consistent with the pattern expected from an electron. Since
a vertex fit cannot be performed, the conversion vertex is defined as the location of the hit
associated to the track that is the closest to the beams. The position of the conversion vertex
reconstructed in this way can be off by as much as a detector layer, but this is less severe if the
conversion occurs inside the TRT thanks to the high straw density. Tracks which pass through a
dead region in the b-layer are not considered as single-track conversions unless they are missing
a hit in the next layer.

The classification of tracks as single-track or double-track conversion candidates described
above is applied to all tracks that are loosely matched to an EM cluster. Once this classification
is done, a new matching procedure is performed. It varies according to the type of the conversion
vertex candidates:

e Symmetric double-track conversion vertex (the ratio of the pr of the higher pr track
to that of the lower pp track is less than a factor of four). Each track is extrapolated
individually to the second layer of the calorimeter and both tracks are required to match
the same cluster.

e Asymmetric double-track conversion vertex (the pr difference of the two tracks is more
than a factor of four). The converted photon direction is reconstructed from the electron
and positron track parameters at the vertex determined by the constrained vertex fit and
a straight line extrapolation is performed from the vertex position to the second layer.

e Single-track conversion vertex. The track is extrapolated to the second layer from its last
measurement.
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3.1. Photon Reconstruction

If the impact point on the calorimeter is within a certain window in (7, ¢) from the cluster
centre, then the conversion vertex candidate is considered matched to that cluster. The require-
ment differs for different types of conversion candidates and whether the associated tracks have
hits in the silicon (Si) detector.

If multiple conversion vertices are matched to the same cluster, preference is given to double-
track candidates over single-track candidates, and to the candidate with more tracks with hits
on the silicon detectors. If the remaining vertex candidates are formed from the same number
of tracks with Si hits, preference is given to the candidate with the vertex closer to the beam
axis.

The converted candidate is built from the best conversion vertex candidate and the cluster,
whereas unconverted photon candidate is built from cluster to which neither a conversion vertex
candidate nor any track has been matched. At this stage of the reconstruction, most of the
unconverted photon candidates have been identified, but the converted ones are mostly still
treated as electron candidates.

Converted photon candidates that are also electron candidates are classified as converted
photon if the electron track coincides with the track(s) originating from the conversion vertex
candidate matched to the same cluster. The only exception is in the case of a double-track
conversion vertex candidate where the coinciding track has a b-layer hit, while the other track
lacks one (missing hit in a disabled b-layer module is counted as a hit). If the track does not
coincide with any of the tracks from the conversion vertex candidate, the converted photon
candidate is rejected unless its pr is larger than the electron track pp. Single-track converted
photon candidates are recovered from electron candidates if the electron candidate has a best
matched track that is made of only TRT hits with pr > 2 GeV and E/p < 10 (E being the cluster
energy and p the track momentum), regardless of whether a conversion vertex candidate has
been matched to its cluster or not. Electron candidates having corresponding stand-alone TRT
track and the track pr is less than 2 GeV are recovered as unconverted photons. In addition,
electron candidates that are not considered as single-track converted photon candidates and
with a matched track that has pr < 2 GeV or E/p > 10 are also recovered as unconverted
photon candidates. Using this procedure, around 85% of the unconverted photons erroneously
categorised as electrons are recovered.

The procedure to recover converted and unconverted photons from the electrons candidates
is simplified in Run 2. If no track with at least four hits in the silicon detector is matched to the
cluster, it is recovered as a photon. If the vertex candidate is made of two tracks with hits in
the silicon detector, one of which being the electron track and has no hit in the Pixel detector,
it is also considered as a photon. Some criteria is applied to choose the electron candidate, and
the rest are considered as both photons and electrons.

Figure 3.1 shows the conversion reconstruction efficiency as a function of pseudorapidity, as
estimated from MC simulation. The conversion reconstruction is inefficient around |n| =1 due
to the gap at the transition from the barrel to the end-cap TRT and at || > 2 as the limit
of the TRT pseudorapidity range is approached. The total efficiency in reconstructing prompt
photons with Ep > 25 GeV in the pseudorapidity acceptance as photon candidates, either
converted or unconverted, is found to be 96% [59]. The remaining are incorrectly reconstructed
as electrons. At high E7, the photon reconstruction efficiency decreases due to a reduction in
the efficiency to reconstruct photon conversions when the two conversion tracks are close by
and hard to separate.
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Figure 3.1: Reconstruction efficiencies for conversions from 20 GeV pr photons as a function
of conversion radius (left) and pseudorapidity (right) [60]. The points with error bars show the
total reconstruction efficiency, the solid histogram shows the conversion vertex reconstruction
efficiency, and the dashed histogram shows the single-track conversion reconstruction efficiency.

3.2 Photon Energy Reconstruction and Calibration

3.2.1 Energy Reconstruction

The photon energy is measured using information from the calorimeter cluster whose size de-
pends on the classification of the photon. In Run 1, clusters of 3 x 5 cells in n X ¢ are used
for unconverted photon candidates in the barrel while for converted photon candidates, the size
increases to 3 x 7. Converted photons are allowed a broader window in A¢ due to the opening
of the conversion products under the magnetic field. In the end-cap, the same cluster size of
5 x 5 cells is used for all candidates. In Run 2, the cluster size of photon candidates in the
barrel has changed to 3 x 7 cells for both converted and unconverted photon candidates.

Before the EM cluster energy is calibrated, a correction to the n and ¢ positions of the photon
candidates is applied. The position is measured independently for each calorimeter layer, then
weighted according to the position of the cells in the cluster and corrected for systematic effects
known from MC and test beam studies, and taking into account the finite granularity of each
layer.

The photon transverse momentum FE7p is computed from the photon cluster’s calibrated
energy F and the pseudorapidity nge of the barycentre of the cluster in the second layer of the
EM calorimeter as Ep = E/ cosh(ns2).

The relative energy resolution of the EM calorimeter can be parameterised as

oE a b
A N 3.1
%GBEGBC, (3.1)

where a, b and ¢ are n-dependent parameters; a is the sampling term, b is the noise term,
and c is the constant term. The design value of the sampling term is around 10% in the barrel
and worsens as the amount of material upstream of the calorimeter increases at larger |n|. The
noise term describes the fluctuations from pile-up and electronic noises. The constant term is
due to non-uniformities in the response of the calorimeter; it has a design value of 0.7%. The
sampling term and the noise term are important for low energy particles. At higher energies,
the relative energy resolution tends asymptotically to the constant term.
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3.2. Photon Energy Reconstruction and Calibration

3.2.2 Energy Calibration

The procedure to calibrate the energy response [61] is summarised below and illustrated in
Figure 3.2. The energy calibration procedure differs between converted and unconverted photon
candidates.

- 3 5
simulation training of Z>ee
MC-based |—> | resolution s
ely calibration smearing
EM MC-based calibrated
cluster ely energy ely
energy calibration energy
4
data longitudinal . . Z>ee
layer iner- [~ | conectons [ 7] _seale [
calibration calibration
6 Jp>ee Z>ly
data-driven scale validation

Figure 3.2: Overview of the electron and photon energy calibration procedure. [61]

The EM cluster properties, including its longitudinal development, and additional informa-
tion from the ATLAS inner tracking system, are calibrated to the original energy in simulated
MC samples using multivariate techniques (step 1), which constitutes the core of the MC-based
e/~ response calibration (step 3).

The energy scales of the different longitudinal layers in the electromagnetic calorimeter are
equalised in data with respect to simulation before the overall energy scale is determined (step
2). The correction from the intercalibration of the first and second calorimeter layers is applied
to the energy in layer 2. The presampler energy scale is also determined and applied to data.
No intercalibration of the third layer is performed [61].

Multivariate techniques are used to correct for the energy lost in the material upstream
of the calorimeter, the energy deposited in the neighbouring cells, the energy lost beyond the
LAr calorimeter, etc (step 3). The calibration constants are determined using a multivari-
ate algorithm, with uncalibrated energy, cluster properties and position, shower development
and information from inner tracking detector as inputs. A separate optimisation is performed
according to bins of |7custer| (the cluster barycentre pseudorapidity in the ATLAS coordi-
nate system), E$%° (transverse energy measured in the calorimeter) and type (unconverted or
converted photon). This MC-based calibration relies on an accurate description of detector
geometry and interactions of particles with matter in the MC simulation. The distribution of
E1/Es, the ratio of energy deposited in the strip layer to the energy in layer 2, in data is used
to quantify the amount of detector material upstream of the calorimeter. F;/FEs is a measure
of the longitudinal shower development. If F;/Fj is higher in data compared to simulation, it
indicates earlier shower development, which is due to an excess of material compared to the
simulation. Modifications in the detector material description in simulation were made based
on the amount of material determined from measuring F;/Es. The MC-based calibration is
applied to the cluster energies in data as well as in MC samples.

Non-uniformities in the calorimeter response are also corrected (step 4). The overall electron
response in data is calibrated so that it agrees with the expectation from simulation, using a
large sample of Z — ee events. Energy scale factors are extracted from electrons from Z — ee
decay samples and applied to electron and photon candidates in data (step 5). The energy
miscalibration is parameterised as

Edata — pMC(1 4 o) (3.2)
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where Eid“t“ and EIM C are the electron energies in data and simulation, and «; the departure
from optimal calibration, in a given pseudorapidity bin labelled 1.

From the Z — ee events, it is found that the resolution in data is slightly worse than that
in simulation. The difference in energy resolution can be modelled by an additional effective

constant term (c}):

O'E data_ O'E MC ’
<E)z _<E> @ (3.3)

for a given pseudorapidity region labelled i.

The energy scale correction («;) and the effective constant term (¢;) are also estimated
using Z — ee events. The results from 2015 data, corresponding to an integrated luminosity of
3.2 fb~1, are shown in Figure 3.3.
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Figure 3.3: (a) Energy scale factor o and (b) additional effective constant term ¢ derived from
Z — ee events using the template method, as a function of 1. The error bands on the top plots
include both statistical and systematic uncertainties. The statistical and total uncertainties on
these quantities are represented by black and blue lines in the bottom plots. [62]

The main sources of uncertainty on the energy scale are from Z — ee calibration, calibration
of the presampler layer, layer intercalibration, layer 2 gain and material. Potential mismodelling
of the resolution sampling term, uncertainty in deriving the additional constant term, electronic
noise and detector material uncertainty are the main contributors to the resolution uncertainty.

Finally, the calibration is cross-checked using electron candidates from J/¢ — ee events and
photon candidates from Z — lly in data (step 6).

In Run 2, improvements have been made to the MC-based calibration with respect to Run 1
using the latest simulation and reconstruction algorithms. In particular, in the region 1.4 <
|n| < 1.6, the energy measured by the scintillators in the transition region is used as one of the
variable of the multivariate calibration. In this pseudorapidity region, an improvement in energy
resolution of about 15% for converted photons and 8% for unconverted photons is achieved [62].

The instantaneous luminosity delivered by the LHC as well as the pile-up has increased in
2016 compared to 2015. The stability of the calibration as a function of u and of time has
been studied. Figure 3.4 shows the ratio of the average invariant mass of the electron pair from
Z — ee event to the average value observed in the whole 2015 data sample as a function of p
and of time. The calorimeter response is stable at the per mille level, lower than the systematic
uncertainty of the calibration procedure.
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Figure 3.4: Stability of the average invariant mass for electron pair from Z — ee events (a) as
a function of the average number of interactions per bunch crossing, i, and (b) as a function of
the time of data taking using data collected in 2015 and first part of 2016. Each bin shows the
average invariant mass divided by the average invariant mass measured in 2015. [62]

3.3 Photon Identification

Photon identification refers to a set of selections based on the EM shower shape that is designed
to separate prompt photons from fake candidates, mainly from hadronic decays. Prompt pho-
tons refer to photons that are produced directly in the hard scattering process (direct photons)
or during final state parton fragmentation (fragmentation photons).

3.3.1 Identification Variables and Selection Definition

The shower deposit in the EM calorimeter by prompt photons is narrower and there is less
leakage in the hadronic calorimeter compared to fake photons. The finely segmented strips
in the first layer of the EM calorimeter also allow to discern the presence of two peaks in the
energy profile of the shower from 7% — v decays. A set of variables that characterise the shower
development (both lateral and longitudinal) in the EM calorimeter and the shower leakage in the
hadronic calorimeter is defined. The variables are listed in Table 3.1. Two cut-based selection
working points, loose and tight, are established.

The loose selection is based only on the shower shape in the EM layer 2 and the energy
deposited in the hadronic calorimeter. This selection is used by the photon triggers and provides
high prompt photon identification efficiency, ranging from 97% for photons with Ep = 20 GeV
to above 99% for photons with Ep > 40 GeV [63]. The tight selection uses additionally the
information from the strip layer and tighter requirements on the layer 2 and hadronic calorime-
ter variables to provide maximum background rejection. Different cut values are defined for
converted and unconverted photons in the tight selection in order to optimise the performance.

The photon shower shape distributions in the ATLAS MC simulation do not perfectly match
the ones observed in data. Corrections are thus applied to the simulated values, by applying
a shift to each of the variables that need to be corrected [59]. The value of these shifts are
optimised separately for unconverted and converted photons, and as a function of the pseudo-
rapidity. Two examples of such a correction on shower shape variables are shown in Figure 3.5
for unconverted photons in 1.52 < |n| < 2.37. The agreement between data and simulation is
much improved after the shifts have been applied.

Pile-up broadens the distributions of the discriminating variables and thus reduces the sepa-
ration between prompt and fake photon candidates. Some variables are more sensitive to pile-up
than others. These are usually the variables in which the energy is calculated across many cells.
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Chapter 3. Photon Reconstruction and Performance

Type Name Description loose

Ratio of the transverse energy in the first sampling layer

of the hadronic calorimeter to the transverse energy of v
the photon EM cluster (used for the range of |n| < 0.8 or

|n| > 1.37).

Hadronic leakage Rhad,

Ratio of the transverse energy in the hadronic calorimeter
Rpaa  to the transverse energy of the photon EM cluster (used v/
in the range 0.8 < |n| < 1.37).

R, Ratio of energy deposited in 3x7 (nx¢) versus 7x7 cells. v/

EM layer 2 Lateral width of the shower in 7, over a region of 3x5 cells v
in An x A¢ around the centre of the photon cluster.

Ry Ratio of energy deposited in 3x3 versus 3x7 cells.

Shower width calculated from three strips around the

w
53 strip with maximum energy deposit.
Wetor Total lateral shower width, measured over all strips in a
EM layer 1 " region of 61 x §¢ = 0.0625 x 0.2 (20 x 2 strips).

Foig Energy outside the 3 central strips but within 7 strips
#%€  divided by energy within the 3 central strips.

Difference between the energy of the strip that has the

AE second greatest energy and the energy of the strip with
the least energy found between the strips with the great-
est and the second-greatest energies.

Ratio of the energy difference between the largest and
Eratio  the second largest energy deposits to the sum of both
energies.

Table 3.1: Discriminating variables used for tight photon identification. The variables used in
loose identification selection are also marked.

The cuts on the discriminating variables can be tuned according to pile-up conditions expected
in order to maintain the performance of photon identification.

3.3.2 Identification Efficiencies

Photon identification efficiencies are measured using three data-driven techniques: using a high
purity sample of radiative Z decays; extrapolating photon shower shape properties from elec-
trons in a Z — ee sample; and measuring the photon purity in an inclusive photon sample
using isolation properties (referred to as matrix method). All three measurements use photon
candidates within the pseudorapidity acceptance (|n| < 1.37 and 1.52 < |n| < 2.37).

For the final 2012 dataset, photon candidates in the identification studies are also required
to be isolated with E° in a cone of size AR = /(An)? + (A¢)? lower than 4 GeV (see next
Section for definition). The tight photon identification efficiency is measured to be 50-65%
(45-55%) for unconverted (converted) photons with Ep = 10 GeV and up to 95-100% at photon
E7r > 100 GeV. For the typical photon energies (E7 > 40 GeV) that are relevant for the high
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Figure 3.5: Distributions of two discriminating variables (R, and w,3) for unconverted photons
in 1.52 < |n| < 2.37. The black points are for the photons from radiative Z decay events in
2015 data, the red histogram for the photons from radiative Z events in simulation, and the
blue histogram after applying the shift to the simulated values [64].

mass resonance searches reported in this thesis (A — Zh with h — v and X — ~7), the tight
photon identification efficiency is higher than 90% [59].

Photon identification cuts have been re-optimised in Run 2. Photon identification efficiencies
have also been measured in 2015 data. In this study, the photon candidates are required to pass
E° < 0.065- Er and pt2° < 0.05- Er, in a cone with an opening AR < 0.2 (see next Section for
definition of pif°. The tight selection efficiencies range from 53-64% (47-61%) for unconverted
(converted) photons with E7 = 10 GeV to 88-92% (96-98%) at photon Er > 100 GeV [64].

The tight identification efficiency has also been measured using only the first method of
radiative Z boson decays on 11.6 fb~! of data recorded in 2016. The comparison of data-driven
tight identification efficiency measurements to simulation as a function of Ep of the photon is
shown in Figure 3.6.
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Figure 3.6: Measured tight identification efficiency in 2016 data compared to MC as a function
of photon Er using radiative Z boson decays for |n| < 1.37 and 1.52 < |n| < 2.37. The bottom
panel shows the ratio of the data-driven results to the MC predictions, namely scale factor.
Only the statistical uncertainties are shown [65].

In all of the measurements, no significant differences are observed between the data-driven
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Chapter 3. Photon Reconstruction and Performance

efficiency measurements and the simulations. The difference is taken into account by computing
data-to-MC efficiency ratios, also referred to as scale factors (SF). Most SF values are close to
unity. In analyses with photons in final state, the combined scale factors are then applied to
simulated photons as weights to provide an even better description of the identification efficiency.

3.4 Photon Isolation

Isolation properties of photon candidates can provide further separation of prompt photons
from fake photons. Prompt photons are usually isolated, with not much energy activity around
them. Isolation variables are defined from the calorimetric deposits or the tracking information
provided by the inner detector, around the photon candidate. The track-based isolation variable
is computed by summing the transverse momentum of tracks with pr > 1 GeV that originate
from the primary vertex within a cone centred around the photon direction. For converted
photons, the one or two tracks associated with the conversion are excluded from the track
isolation computation.!

The calorimeter-based isolation variable is computed as the scalar sum of the transverse
energy of all topological clusters [55] within a cone around the photon position, removing the
energy from the photon cluster itself. Topological clusters are formed starting from cells with
energy greater than 500 MeV and with signal-to-noise ratio (S/N) larger than 4, then adding it-
eratively surrounding cells with a S/N > 2 to the cluster. Figure 3.7 illustrates the computation
of the calorimeter isolation variables, where all the topological clusters with barycentre within
the isolation cone are included while the photon cluster energy is subtracted. The expected
photon energy deposit outside the rectangular cluster and contributions from pile-up and the
underlying event are also subtracted in the computation.

Figure 3.7: Schema of the photon calorimeter isolation. The grid represents the calorimeter cells
in the n and ¢ direction. The photon is located at the centre of the yellow cone representing the
isolation cone. All topological clusters (represented in red) with barycentre inside the isolation
cone are considered in the isolation computation. The rectangle represents the core energy of
the photon candidate that is subtracted from the isolation computation [66].

Cut values on track and calorimeter isolation variables are analysis-dependent. For instance,
in the high mass diphoton resonance search at /s = 13 TeV, the track isolation in a cone of

iso

'From 2016, all the tracks associated to reconstructed photon conversion vertices are excluded from the p
computation.
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3.4. Photon Isolation

size AR = 0.2 is required to be below 0.05 x Er GeV, and calorimeter isolation energy in a
cone of size AR = 0.4 is required to be smaller than 0.022 x Ep + 2.45 GeV.

Inclusive photon samples generated with SHERPA [67] and PYTHIAS [68] are used to check
the efficiency of the isolation requirement in a wide Er range from 50 GeV up to 1000 GeV. The
isolation efficiency is measured in data by fitting the isolation distribution in data with signal
and background photon isolation template. The distribution of the isolation energy for fake
photons is obtained from a data control region by reverting some photon identification criteria
while the distribution for signal photons is take from simulation.

For the calorimeter-based isolation, the background contribution is subtracted from data.
The resulting distributions are compared with simulation to obtain a shift of the calorimetric
isolation. This data-driven shift is obtained from the difference in the peak position of the
function parameterising the calorimeter isolation distribution in data and that of the inclusive
photon simulated samples. This shift is generally a few hundred MeV, depending on pr and 7
of the photon candidates. The uncertainty of the calorimeter-based isolation efficiency is taken
from the difference between the nominal value and that from applying a data-driven shift to the
isolation energy in simulation. Figure 3.8 shows the distributions of the calorimeter isolation
variable (E%° — 0.022E7 (7)) in 2015 data compared to simulations for photon candidates with
125 GeV < Er <145 GeV and fulfilling the tight identification criteria.

The track isolation efficiency is measured in data by fitting the isolation distribution in data
with signal and background photon isolation template. The residual disagreement between the
fit model and the data is used to derive the uncertainty in the isolation efficiency.

The calorimeter- and track-based isolation distributions in the data are very similar to
the Monte Carlo, resulting in scale factor within 1 or 2% of 1. The efficiency of the isolation
requirement used in high mas diphoton resonance search for photons fulfilling tight identification
selection in signal MC samples is 90% to 96% in the Ep range 100 GeV to 500 GeV, with an
uncertainty between 1% and 2% [69]. The isolation requirement reduces the rate at which jets
are misidentified as photons by about one order of magnitude.
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Figure 3.8: Distributions of the calorimeter isolation variable (Ei° — 0.022Er(7)) for photon
candidates fulfilling the tight identification criteria for 125 GeV < Er <145 GeV and four 7
regions. The background contribution to the 2015 data, shown as ‘Bkg template’, has been
subtracted. It has been determined using a control sample with a subset of the identification
requirements inverted and normalized to the data in the region E%° — 0.022E7(y) > 12 GeV.
The 2015 data distributions are compared to predictions from simulation using either SHERPA
or PYTHIAS to generate inclusive photon events. The error bars represent the statistical un-
certainties. The bands around the background and the subtracted data distributions represent
the estimate of the systematic uncertainties on the background estimate [69].
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Chapter 4

Photon Conversion Classification
and Measurement Using Shower
Information

As described in the previous chapter, the classification of a photon candidate as a converted or
an unconverted photon is based on tracking and vertex fitting algorithms. The cluster sizes are
different for converted and unconverted photons in Run 1. As energy calibration and photon
identification requirements are optimised for converted and unconverted photons separately,
misclassification can have a significant impact on physics analysis. The impact is expected to
be reduced at Run 2, since cluster sizes are no longer different for converted and unconverted
photons. However, the performance of tracking algorithm degrades with the pile-up rate, which
is expected to increase at Run2, due to mismatching of pile-up tracks to clusters and the presence
of fake tracks.

This chapter documents the task I have completed in order to qualify as an ATLAS author.
The studies were performed between February 2014 and July 2015 and therefore are based on
Run 1 data. They are documented in an ATLAS Internal Note (Ref. [70]) of which I am the main
author. Based on an earlier preliminary study, I have investigated the use of electromagnetic
shower variables to either improve the present conversion classification algorithm or to evaluate
its performance on data.

Section 4.1 gives a summary of the data and MC samples used in these studies. The choice of
the shower shape variables sensitive to the photon conversion status is discussed in Section 4.2.
I then compare the performance of the alternative classification to the well established track-
based method that has been in use since Run 1 in Section 4.3. Finally, I apply a similar EM
shower shape-based method to measure the conversion fractions in 2012 data using a template
fit method, as described in Section 4.4.

4.1 Data and MC samples

The study presented in this chapter addresses the issue of a potential deterioration of the track-
based conversion reconstruction due to the expected pile-up increase at Run 2. However, since
it was performed before the start of Run 2, pp collision data collected in 2012 at /s = 8 TeV is
used, corresponding to an integrated luminosity of 20.7 fb~!. Sources of relatively pure photons
include Z — [l and diphoton events.

The Z — lly decay refers to a decay of the Z boson into an electron or a muon pair with
the radiation of a photon in the final state. It allows the selection of a very pure and unbiased
source of photons by requiring cuts on the dilepton and dilepton+photon invariant masses. In
the following, only the Z — uuy decay is used. The events are selected with the muon triggers
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1040 and must contain two like-flavor, opposite-charge leptons. The invariant mass of the puy system
1041 must be consistent with the mass of the Z boson. A cut of 80 < m,,, < 96 GeV is applied
w2 to select final state radiation (FSR) events. The photons are required to have pr > 10 GeV
a3 and pass loose identification criteria. Since shower shape variables are used in this study,
10a¢  tight identification requirements are not applied since the requirements differ for converted and
145 unconverted photons. Details on the selection criteria are described in Ref. [59]. In 2012 data,
146 there are about 73 thousand selected Z — puy candidate events. The photons from such decay
1047 have typically low transverse momenta, with most of the photons having 10 < pr < 50 GeV.
1wss  The selected Z — ppy sample has a high purity of around 96%.

1049 High-pr photon candidates are also a relatively pure source of photons. In order to increase
150 the purity, one can select diphoton events where one of the photon passes the tight selection
1051 and the other photon, passing loose identification, is used to probe the conversion classification.
1052 The data sample is recorded with a diphoton trigger, g35_loose_g25_loose with 35 GeV and
1053 25 GeV pr thresholds on the leading-pr and subleading-pr photon candidates. In the high-level
1054 trigger, clusters of energy in the electromagnetic calorimeter are reconstructed and required to
1055 satisfy the loose shower shape criteria. Events are selected if the leading (subleading) photon
1056 has a transverse momentum greater than 70 (50) GeV. The purity of the selected sample has
1057 not been measured but it is expected to be below 80

1058 A number of different MC samples are used in this study, to study the effects of pile-up or
1050 to provide a description of the data. MC event generators are used to produce events at the
weo particle level, which are then passed through a Geant4 [71] simulation of the ATLAS detector
w61 and reconstructed using the same analysis chain used for the collision data. They are listed in
1062 Table 4.1.

Generator Vs Process Nevents Pile-up Remarks
0
) Single . 40 flat Er spectrum between
ParticleGenerator 14 TeV photon 1 million 60 7 and 80 GeV.
80
ParticleGenerator 8 TeV Single 40 million 0 E7 up to 3 TeV.
photon
5 million nominal geometry
SHERPA STeV 7 — 1 million 9012 diti geometry config. A
HET 1 million condition geometry config. E'+L’
1 million geometry config. F'+M+X
SHERPA 8TeV Z — pp 10 million 2012 condition
Table 4.1: MC samples used in this study.
1063 Single photon samples simulated at four different pile-up conditions, characterised by p, are

1064 used to study the effects of pile-up. These samples are produced during the Long Shutdown 1
wes (LS1) period with /s = 14 TeV and using expected Run 2 conditions, i.e. with IBL inserted
1ss and with a bunch spacing of 25 ns. The events are generated with a flat transverse momentum
1067 spectrum between 7 and 80 GeV.

1068 Another single photon sample with a wide range of pr (up to 3 TeV) and high statistics is
weo used. This sample was simulated for the MVA calibration [61] at /s = 8 TeV and zero pile-up.
w70 It can be used for validation with 2012 data.

1071 Selection criteria applied on the photon candidates in the single photon samples are:

1072 e loose identification cuts,

1073 e pseudorapidity within |n| < 2.37, excluding 1.37 < |n| < 1.52, and
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4.2. Conversion Classification

e the reconstructed photon matches a true photon.'

Simulated Z — ppy samples are used to study the Z — upy events in 2012 data. Hence, the
samples are simulated at /s = 8 TeV with 2012 pile-up conditions. All samples mentioned so
far are simulated with the final Run 1 geometry, named ATLAS-GEO-21-02-02. Additionally,
Z — upy samples using distorted geometries are also used to study the effect of different
amount of material upstream of the electromagnetic calorimeter. Distorted geometry is often
similar to the nominal one, which has the best estimation of the material distributions, but with
additional material added in certain parts of the detector. The amount of additional material
in the distorted geometry samples used in this study and their location is shown in Table 4.2.
Furthermore, nominal geometry Z — pu sample is used for studying the background photons
in selected Z — ppy events in data. The Z — puy and Z — pp samples are generated with
the SHERPA generator using the CT10 PDF set.

Configuration ID SCT/TRT EC ID end-plate Cryostat 1 PS/S1 B-EC transition

A 5%
E+L’ 7.5% Xo 5% Xo
F’+M+X 7.5% Xo 5% Xo 50%

Table 4.2: Fraction of additional material or radiation lengths (X() added in various places
of the detectors, for the different MC geometry configurations. The different places are in the
whole Inner Detector (ID), at the end of SCT/TRT end-caps (SCT/TRT EC), in the Inner
Detector end-plate (ID end-plate), radially in barrel cryostat before the calorimeter (Cryostat
1), radially between the presampler and the strips in barrel (PS/S1) and in the calorimeter
barrel/end-cap transition region (B-EC transition).

Shifts, also known as fudge factors, are applied on the shower shape variables in MC samples
that are also used in photon identification (wy2, Ry, Fsiqe and ws3) to improve the agreement
with the data shower shape variables, as explained in Section 3.3. For comparison between
simulated samples where no real data is involved, such as those in Section 4.3.1, these shifts do
not need to be applied.

4.2 Conversion Classification

The classification of photon candidates as converted or unconverted using information on the
electromagnetic shower shape is described in this section. A boosted decision tree (BDT) is
trained from a number of discriminating variables that characterise the shower profile of a
photon candidate, known as shower shape variables.

4.2.1 Discriminating Variables

In photon identification, selection criteria are applied on the shower profile of the photon candi-
date to distinguish true photons from hadrons. Similarly, one could use shower shape variables
to separate converted from unconverted photons. The EM shower shapes exhibit some differ-
ences between converted and unconverted photons, which are largely due to the earlier shower
development for converted photons (being electrons when interacting with the EM calorimeter),
and the separation of electron-positron pairs under the influence of the magnetic field. There-
fore, shower shape variables that describe the depth or the width in ¢ of the electromagnetic
shower are expected to be discriminant. The typical shower shape of an unconverted photon

!This is based on AR matching between the cluster and the extrapolated point of impact of the true particle
to the calorimeter.
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Chapter 4. Photon Conversion Classification and Measurement Using Shower Information

and the tracks left in the inner detector by a photon converting into an electron-positron pair
are shown in Figure 4.1.

(b)

Figure 4.1: (a) Shower of an unconverted photon in the electromagnetic calorimeter and (b)
tracks in the inner detector left by a photon converting into an electron-positron pair.

Various shower shape variables are explored in this study, each with varying degree of dis-
crimination. Eight variables are chosen as further additions do not bring further discrimination
in a significant manner. Descriptions of the chosen variables are presented in Table 4.3.

Type Layer Name  Description

W2 See Table 3.1.

Layer 2 Ry See Table 3.1.

Fige See Table 3.1.

Lateral Ws3 See Table 3.1.

L 1 . . .
ayet Erars1  Energy of strip with maximal energy deposit.
fi Fraction of energy in the strip layer.
Ei/E; Ratio of energy deposited in the strip layer to the en-
Longitudinal Mixture ergy in layer 2.

Ey/E4. Ratio of energy in the presampler to the energy in the
accordion layers (layer 1, 2 and 3.)

Table 4.3: Shower shape variables that offer discrimination between converted and unconverted
photons.

The distribution of the shower shape variables being used and their correlations are presented
in Figures 4.2 and 4.3 for converted and unconverted photons. To use tracking information as
well as shower shape in identifying photon conversion, the numbers of hits in SCT and in TRT
from the associated tracks are added to the list of input variables.?

4.2.2 Choice of the Multivariate Methods

The eight shower shape variables defined in Table 4.3 are input variables to the multivariate
classification. The Toolkit for Multivariate Analysis (TMVA) [72] framework is used to imple-
ment the multivariate techniques for conversion classification. A typical classification example is
to determine whether an event comes from a signal or background process, and in this study, we

2There are a few other variables related to tracking information in conversion reconstruction, but it was found
that the number of hits in SCT and in TRT already contain sufficient information.
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Figure 4.2: Distributions of the shower shape variables for unconverted (signal) and converted
(background) photons in the Z — ppy MC sample.
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Figure 4.3: Correlation matrices of the shower shape variables for (a) converted photons and
(b) unconverted photons.

u1e  are interested in classifying a photon as converted or unconverted. A true unconverted photon
20 is arbitrarily defined as signal and true converted photon as background.
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Chapter 4. Photon Conversion Classification and Measurement Using Shower Information

A typical TMVA classification or regression analysis consists of two independent phases:
the training phase, where the multivariate methods are trained, tested and evaluated, and an
application phase, where the chosen methods are applied to the classification or regression
problem they have been trained for. In the training phase, the sample is divided into two
subsamples of equal size, one is used for training and the other as a test sample. This is to
check for overtraining or other possible biases.

Numerous multivariate methods are available in TMVA, several of them are tested for con-
version classification: the computation of a likelihood, a Fisher discriminant and boosted deci-
sion trees (BDT). A decision tree is a binary tree-structured classifier similar to the one sketched
in Figure 4.4. Repeated left /right (yes/no) decisions are taken on one single variable at a time
until a stop criterion is fulfilled. The phase space is split this way into many regions that are
eventually classified as signal or background. We use a BDT classifier with two types of boost-
ing: adaptive boost (AdaBoost) and gradient boost. The former is denoted BDT and the latter
BDTG. Boosted decision trees require little tuning to obtain reasonably good results and are
insensitive to the inclusion of poorly discriminating variables.

Figure 4.4: Schematic view of a decision tree.

Figure 4.5 shows the ROC curve (background rejection factor versus signal classification
efficiency) of the four multivariate methods with the shower shape variables in Table 4.3 as
input. The curve is created by varying the cut on the classifier output in order to scan the
background rejection and signal classification efficiency. The best performance is achieved with
the BDT and BDTG methods. Hence, only these two methods are retained in the following.

4.2.3 Categorisation

The probability of a photon to convert increases with the amount of material it traverses, which
varies with 7, as shown in Figure 4.6. In order to improve the performance of the multivariate
method, one can take into account the different probability of a photon to convert at different 7.
This is achieved by using categorised classifiers, where the training sample is split into disjoint
categories based on 7). Several classifiers are trained independently, one in each category.

Seven |n| categories are defined according to the variation of the amount of material: |n| <
0.6, 0.6 < |n] <0.8,0.8 < |n| <1.15,1.15 < |n| < 1.37, 1.52 < |n| < 1.81, 1.81 < |n| < 2.01 and
2.01 < |n| < 2.37.

The distributions of BDT and BDTG with |n| categories from training and test samples
superimposed are shown in Figure 4.7. The distributions agree well between the training and the
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Background rejection versus Signal efficiency
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Figure 4.5: Background rejection versus signal efficiency for the four methods being tested.
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Figure 4.6: Amount of material in terms of radiation length in the inner detector as a function
of |n|. The vertical lines drawn here indicate the bin boundaries chosen and the gray shaded
areas correspond to the |n| region commonly excluded in analyses involving photons.

test samples. Since the two independent samples have identical performance, we can conclude
that there is no overtraining. In the figure, the BDTG distributions are smooth whereas the BDT
distributions show double peak structures for both converted and unconverted photons. The
double peak seen in the converted photon distribution is due to two populations of converted
photons, one with large value of Ry and the other with low value. Ry is one of the most
discriminant variable in the BDT. As seen in Figure 4.2, it is ambiguous if a photon is converted
or not if the value of Ry is large, between 0.9 and 1. The case is similar for the BDT distribution
of unconverted photons, but it is due to a combination of variables, most notably E;/FEs and
f1. Further information about the composition of the BDT distributions can be found in the
next section.

The improvements in the background rejection and signal efficiency by introducing |n| cat-
egories are illustrated in Figure 4.8. The BDT with adaptive boost performs slightly better
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Figure 4.7: Distribution of the output variable of the (a) BDTCat and (b) BDTGCat classifiers.
The histogram shows the distributions of background/converted (red) and signal/unconverted
(blue) from the training sample whereas the points with error bars correspond to the distribution
in the test sample.

than BDTG (gradient boost) but its irregular shape may introduce some difficulties in the fit-
ting procedure presented in Section 4.4. Thus, both boostings are retained, even though no
significant difference between the two is observed aside from the shape of their distributions.

Background rejection versus Signal efficiency
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Figure 4.8: Background rejection versus signal efficiency for BDTCat (BDT with || categories),
BDTGCat (BDTG with |n| categories), BDT and BDTG.

In the following, the categorised boosted decision tree classifiers are always used. The BDT
with adaptive boost and || categories (BDTCat) is used in Section 4.3 whereas the BDT with
gradient boost and |n| categories (BDTGCat) is used in Section 4.4 since the former performs
slightly better and the latter has a more regular shape. BDTCat is shortened to BDT and
BDTGCat to BDTG in the text, but occasionally the variables with suffix ’Cat’ are also used,
notably in the figures.

Another categorisation is based on the photon transverse momentum pp as shower shape
variables depend strongly on both n and pr. In this study, the pr binning is used only in Section
4.3.3.2 where a simulated single photon sample is used in the training and the classification is
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4.2. Conversion Classification

applied to diphoton events in data, which has different kinematics to the training sample. An
advantage of introducing pr binning along with n binning is that the classification trained can
be applied to photons from any type of physics processes in data. The single photon sample
with high statistics, zero pile-up and pr up to 3 TeV is used to train this BDT. Nine categories
are defined, covering a whole range of pr, with the bin edges listed below:

e 0, 10, 20, 40, 60, 80, 120, 500, 1000, 5000 GeV.

In addition, the sample is split in the 7 |n| categories as defined in Section 4.2.3, leading to a
total of 7 x 9 categories.

The BDT trained on this single photon Monte Carlo sample with pr and 7n categories has
been applied to data for validation. This is performed for both radiative Z — puy decays and
diphoton events. This will be demonstrated in Section 4.3.3.2 on diphoton events in data.

In the study where the MC training sample has the exact kinematics as the simulation or
data to which the classification is applied on, the pr categorisation is not used in order to
maximise the statistics available for training.

4.2.4 Sensitivity of Shower Shape Variables to the True Radius of Conversion

The later a conversion occurs (i.e. the higher the conversion radius), the less able the clas-
sification is to separate conversion as it resembles unconverted photon more. As depicted in
Figure 4.9, the BDT output value varies as a function of the radius of conversion, R.ony, which
is defined as the distance of the conversion vertex to the beam axis. The radii chosen for the
figure approximate the different parts of the inner detector: the Pixel detector at R < 200 mm
and the TRT at 550 < R < 800 mm.

L L R I B T T ™ ]
0.14 :— —— Rconv<200 _:
L —— 200<Rconv<550 -
012 550<Rconv<800 -
- —— 800<Rconv<1150 -
0.1 r Unconv —]
0.08 —
0.06 -
0.04 —
0.02F —
C . i L _

-Q).B 0.2 0.4
BDTCat

Figure 4.9: BDT output distributions for different true radii of conversion in millimetre. The
curves have been normalised to unity. The double peak structure seen in early conversions and
for photons that did not convert before the electromagnetic calorimeter are explained in Section
4.2.3.

The top plot in Figure 4.10 shows the BDTG output value at each true conversion vertex,
which corresponds to the position of material in the inner detector region (bottom plot). The
BDTG is used instead of BDT for visualisation purpose as it has a more regular shape with early
conversions that peak at -1 and unconverted photons at +1. From this plot, one can clearly see
that the different classifier outputs correspond to different regions of the inner detector.
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Figure 4.10: (Top) BDTG output in a plot of true radius of conversion against z position. The
BDTG output of true unconverted photons are plotted at a radius of 1300 mm for barrel and at
a z position of 3650 mm for end-cap. The position of the unconverted photons are determined
from interpolating their cluster position to the origin. (Bottom) Diagram of the inner detector.

Since the combination of shower shape variables is sensitive to the radius of conversion,
this study could be extended in the future as a tool to estimate the amount of material in the
ATLAS inner detector.

4.3 Classification Performance and Validation

In this section, the performance of the conversion classification developed in the previous section
is presented along with its validation using data. The BDT with adaptive boost is used here
but using BDTG would lead to very similar results and the same conclusions.

Two figures of merit are used to measure the performance of the various conversion classi-
fication methods: the conversion reconstruction efficiency and the fake conversion rate, defined
in Eq. 4.1 and 4.2:

N (true conv N reco conv)

Efficiency = , (4.1)

N (true conv)

N (true unconv N reco conwv)

Fake conversion rate =
N (true unconv)
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4.3. Classification Performance and Validation

4.3.1 Classification Performance at Various Pile-up Conditions

To probe how the various conversion classification methods perform as a function of pile-up,
14 TeV single photon samples simulated at four different pile-up conditions are used. Each
Monte Carlo sample is divided in two parts, with the first half used to train the BDT and the
other half used as a test sample. The performances are evaluated on the test sample. To ease
comparison, the efficiency of the BDT in reconstructing conversion is fixed at 90% for each |n|
category. Similarly, the fake conversion rate can also be fixed instead of the efficiency.

Since the samples used in this study are from LS1, many changes have been made since then
to photon reconstruction, so it should be noted that tracking performance in this section does
not correspond to what is achieved in Run 2. The reconstruction in these samples was made
for 50 ns bunch spacing and for pile-up of up to 40. It was not tuned for Run 2 conditions. The
algorithm for 2015 data taking is much better adapted to the running conditions than what was
used in these samples.

4.3.1.1 Comparison of calorimeter-based and track-based conversion classification

Conversion reconstruction efficiencies and fake conversion rates are plotted in Figure 4.11 against
u for the two methods of conversion classification: calorimeter-based and track-based. With
the efficiency of the calorimeter-based tagging fixed at 90%, the increase of fake conversion rate
with g is relatively small, going from 18% at pu = 0 to 27% at u = 80. Obvious degradation
with the pile-up rate is seen in the default track-based conversion tagging. The conversion
reconstruction efficiency drops from 83% at u = 0 to 62% at p = 80 and the fake conversion
rate rises to 44% at pu = 80. Due to many pile-up tracks at high u, it is expected that the
fake conversion rate would increase as mismatching of pile-up tracks to electromagnetic cluster
becomes more likely. Fake tracks also contribute to this degradation.

One can also fix the fake rate instead of the efficiency. Fake conversion rate of 2% is chosen
as it is the typical value that is aimed for in conversion classification. By fixing the fake rate to
this value, the efficiency is 62% at p = 0 and drops to 51% at u = 80. Although the efficiencies
are not high, they are quite stable.

4.3.1.2 Using both calorimeter and tracking information

Through the addition of tracking information in the BDT, the performance of the classifier is
further improved. The fake conversion rate is lowered when the tracking information is included
especially at lower values of 1 where the tracking performance is good, as shown in Figure 4.12.
The fake conversion rate at p = 0 is 2.5% with 90% conversion reconstruction efficiency whereas
the fake conversion rate in the default track-based tagging is lower at 0.01%, albeit with a lower
efficiency. For the same efficiency as the default track-based method, the fake rate obtained
from the BDT using both calorimeter and tracking information, is found to be 0.01%, thus
recovering the excellent performance of the default method at = 0.

Further comparisons of the performance of the three conversion tagging methods (default
track-based, BDT of calorimeter variables and BDT of calorimeter and tracking variables) as a
function of pseudorapidity, transverse momentum, radius of conversion and number of primary
vertices for ;4 = 0, 40 and 80 samples can be found in Appendix A.1.

4.3.1.3 Choice of the Training Sample

In Sections 4.3.1.1 and 4.3.1.2, the BDT classifiers are trained and tested on samples with the
same distribution of p. This however does not imply that it is imperative to use a training
sample with the same pile-up as the test sample or data.

In the case of using only calorimeter variables, the classifier trained with g = 0 can safely
be applied to samples with higher . It has been checked that this yields comparable results, as
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Figure 4.11: Conversion reconstruction efficiency and fake conversion rate of the calorimeter-
based and the track-based tagging as a function of u. The efficiency of the calorimeter-based
conversion rate is fixed at 2% in (b).
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Figure 4.12: Comparison of the fake conversion rate against u between a BDT using only
calorimeter information and a BDT using both calorimeter and tracking information. The
conversion reconstruction efficiency is fixed at 90% in both cases.
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4.3. Classification Performance and Validation

shown in Figure 4.13. Using the same cuts on the classifier output to obtain a 90% efficiency on
the p = 0 sample, for higher p samples, the efficiencies are slightly smaller but fake conversion
rates are also slightly smaller. To investigate quantitatively the implications of different p
training samples, matching the efficiency to 90% shows that the difference between the classifier
trained at different 1 amounts to only 2-3% in fake rates.

The same does not apply to the case when tracking variables are included in the BDT since
tracking performance in these samples varies significantly with pile-up, unlike the separation of
converted and unconverted photons in calorimeter variables.
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Figure 4.13: Comparison of the conversion reconstruction efficiency and the fake conversion rate
between a BDT trained with the same p as the application sample and a BDT trained with
© = 0 Monte Carlo sample.

4.3.2 Classification Performance with 2012 Run Conditions

The performance of the tracking-based conversion classification shown in Section 4.3.1 is based
on conditions for which the tracking-based algorithms were not tuned. Hence, the comparisons
were not fair as the reconstruction in those L.S1 samples was made for 50 ns bunch spacing and
pile-up of up to 40.

For a fair comparison of the track-based and of the calorimeter-based classification, their re-
spective performances with 2012 run conditions are explored in this section. An 8 TeV simulated
sample of radiative Z — uuy decays is used.

The efficiency and fake rate of the calorimeter-based classification compared to the default
method are presented in Table 4.4 where the BDT has been tuned to have the same fake rate
as the default method. The classification based on shower shape information is not competitive
with the default method with 2012 run conditions. By training the BDT with additional
tracking information, the efficiency of reconstructing conversion can be increased while the fake
conversion rate remains the same.

4.3.3 Validation on Data

Using simulated samples, we have demonstrated the feasibility of employing a multivariate
classifier to combine information about shower shape to separate converted from unconverted
photons. Nevertheless, this method needs to be tested on data in order to validate the de-
scription of Monte Carlo. In particular, the Monte Carlo does not describe the shower shape
in data well. This could be problematic, as the fudge factors applied on the shower shape
variables are not perfect and are dependent on the reconstructed conversion status. In collision
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Chapter 4. Photon Conversion Classification and Measurement Using Shower Information

Default track-based Shower information only Shower + track information
Efficiency Fake rate Efficiency Fake rate Efficiency Fake rate
79% 2.3% 62% 2.3% 86% 2.3%

Table 4.4: The conversion reconstruction efficiency and fake conversion rate of the various clas-
sification methods (the default algorithm, the classification using only calorimeter information
and the classification using both calorimeter and tracking information) with 2012 LHC run
conditions.

data, sources of relatively pure photons include Z — [l and diphoton events. To validate the
calorimeter-based conversion classification, the distributions of the BDT outputs from Monte
Carlo and data are compared for both photons reconstructed as converted and unconverted by
the track-based algorithm.

4.3.3.1 Radiative Z — puvy decays

In order to check that the distributions of the calorimeter-based classifier output in data are
reasonably well described by the simulation, one has to rely on the track-based classification
to separate the converted and unconverted photon candidates in the data sample. The data
distributions are compared to MC for converted and unconverted photons reconstructed from
the track-based algorithms. The distributions for true converted and unconverted photons are
also displayed to show the imperfection of the track-based classification.

Figure 4.14 shows the comparison of the classifier output distributions in data and MC.
The simulated sample used in this plot and to train the classifier is the Z — ppy sample.
The plots show good agreement between data and Monte Carlo distributions of the classifier
output for reconstructed converted and unconverted photons. Tiny differences between the two
are due to the imperfection of Monte Carlo at describing shower shape in data and possible
difference in efficiency of the track-based reconstruction in data compared to MC. Comparing the
distributions of true converted and unconverted photons to their reconstructed (from tracking)
counterparts, one observes that they are not very different in some || regions where the tracking
is efficient. In 0.8 < |n| < 1.15 and |n| above 1.8, the inefficiency of tracking (see Section 3.1) is
evident as only a fraction of the true converted photons are reconstructed as converted.

4.3.3.2 Diphoton events

The high-pr loosely identified photon from diphoton events in data (see Section 4.1 for the
selection criteria) are also used to validate the classification method. Figure 4.15 shows the
agreement of the BDT output on data compared to Monte Carlo. The agreement between data
and Monte Carlo is reasonably good, though slightly worse than Z — ppuy in Figure 4.14. The
BDT is trained with single photon Monte Carlo with binning in |n| and pr as described in
Section 4.2.3. The training sample has zero pile-up while the data has pile-up, so the track-
based separation of converted and unconverted photons has different efficiency for the data and
the Monte Carlo. There are also significant jet contamination in the diphoton data.
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Figure 4.14: Comparison of the distributions of the BDT classifier output in Z — puy data
and MC. The data (MC) distributions are drawn with light (dark) colours. The conversion
status is taken from the default track-based classification. The distributions in MC converted
and unconverted photons separated based on the true conversion status are plotted with dashed
lines.
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4.4 Template Fit to Measure Conversion Fractions in Z — puy
Data

Thus far, the goal of the study was to improve on the existing method of separating converted
and unconverted photons in a high pile-up environment. Another interesting and divergent
study is to be able to measure its performance in the real data. The efficiencies and fake rates
of the track-based conversion tagging method are known from studies using Monte Carlo, such
as those presented in Section 4.3 and Ref. [60]. However, the reconstruction in the data may
not be exactly the same, and it is important to measure the efficiencies in data as it affects the
photon energy scale, identification efficiency, etc. In the photon calibration [61], the energy of
true converted photons reconstructed as unconverted is typically underestimated by about 2%,
depending on pr, |n| and the radius of the conversion. On the other hand, fake conversions
induce around 2% overestimation of the energy.

In Section 12.1 of Ref. [61], a fit of the E /Es distributions, using templates of true converted
and unconverted photons extracted from Monte Carlo, is performed on data to estimate the
conversion reconstruction efficiency and fake conversion rate. Systematic uncertainties of the
absolute photon energy scale were estimated by comparing the efficiency and fake rate measured
in data to Monte Carlo simulation.

In this section, an extension of the work in Ref. [61] to measure the performance of the track-
based conversion tagging in data with higher precision is presented. The E;/Es distribution
used in the fit is replaced by the distribution of a BDT classifier output. As in the previous
sections, the BDT is based on several shower shape variables and therefore is expected to bring
a better separation of converted and unconverted photons compared to the original Ej/Fs
variable alone. This is studied to gauge the improvement that it may bring, taking into account
the potential increased systematic uncertainties from the additional variables. In the following,
BDT with gradient boost, i.e. BDTG is used instead of BDT with adaptive boost in the fit.

The previous study in Ref. [61] uses leading photons from diphoton events with the same
event selection as adopted by the H — ~~ analysis. In the selection, both photons in the dipho-
ton event pass tight photon identification criteria. As the shower shape used in tight photon
identification is included in the template fit, the tight identification requirements cannot be ap-
plied, to avoid bias from the shower shape cut values that differ for converted and unconverted
photons. Diphoton events have a sizeable jet background that is difficult to subtract or estimate
without resorting to using the tight identification criteria. Hence, in this study, the Z — pu~y
events sample is used as it has a high purity even without applying tight photon identification
criteria. To assess the possible improvement, the template fits with E;/FEs variable on Z — puy
events as well as with BDTG are both performed and then compared.

4.4.1 Method

The measurements use Z — puuy events in the 2012 data. Simulated Z — ppy samples
using nominal and distorted geometries are used for fitting and systematics studies respectively,
whereas the Z — up sample is used for background study. Reweightings are applied to account
for the differences in pp, 1, z vertex and pile-up distributions in the Monte Carlo samples
compared to the data. Fudge factors are also applied to the shower shape variables in Monte
Carlo to better match data distributions. The efficiency of selecting candidate events passing
all the cuts is around 14% [73], which means the nominal Monte Carlo has roughly 10 times
the statistics of data (approximately 73 thousand events).

The conversion reconstruction efficiency and fake conversion rate are extracted by fitting
Monte Carlo templates to data distributions for each of the two reconstructed conversion status.
This study is performed in four |n| bins (0-0.6, 0.6-1.37, 1.52-1.81, 1.81-2.37) as was previously
done in Ref. [61]. The BDTG is trained with 7 || categories as in Section 4.2.3. The 7 categories
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Chapter 4. Photon Conversion Classification and Measurement Using Shower Information

are a superset of the 4 categories defined in Ref. [61] since the bin boundaries are the same in
certain bins and in others, two bins are merged into one. Hence, there is no problem in using 7
|n| categories in training and 4 in fitting. The BDTG is trained with the Z — puy MC sample
with nominal geometry and applied to data.

The HistFactory [74] tool is used to build the statistical model based on input template
histograms. The template histograms are obtained from the nominal Monte Carlo sample for
each combination of true and reconstructed conversion status.

In each |n| bin, the numbers of reconstructed unconverted photons and converted photons
are given by equations 4.3 and 4.4:

Nﬁﬁiﬁnv =N- [fconv ’ (1 - frer:0> + (1 - fconV) : (1 - ffake)] (4'3)

Ngoegg =N- [fConv : freco + (1 - fconv) . ffake] (4-4)

where N is the total number of candidate photons, fcony the probability of a photon to
convert into an electron-positron pair, freco the conversion reconstruction efficiency (Eq. 4.1),
and fr.ke the fake conversion rate (Eq. 4.2).

The variable to be fitted has to be sensitive to the true conversion status. The templates
are fitted simultaneously for reconstructed unconverted and converted photons in each |n| bin
according to equations 4.3 and 4.4. There are 8 channels, corresponding to 4 |n| bins and 2
reconstructed conversion status. Channels refer to the regions of the data with disjoint event
selections. In each channel, there are 3 components, true converted, true unconverted and
background (if included). In each |n| bin, the two channels corresponding to reconstructed
converted and unconverted are linked by feonv, frake and freco-

ASs feonv and fieco were found to be highly anti-correlated, feony is fixed to be the value
in the nominal Monte Carlo with some uncertainties given from the relative fraction taken
from the MC with geometry A (see Section 4.1) while frke and freco are let free in the fit.
Relative normalisations of the templates are allowed to vary by a few percent determined by
the uncertainties in feony. Other sources of systematic uncertainties vary the shape of the
templates. This will be discussed further in Section 4.4.4.

4.4.2 Choice of Variables

To choose which variable to include in the boosted decision tree, firstly one has to check the data
and Monte Carlo distributions to ensure that they agree well (with the fudge factors applied).
When a difference is observed, one cannot disentangle whether it arises from the difference in
conversion reconstruction performance or from the lack of ability of MC to describe the shower
shapes in data due to imperfect calorimeter simulation. Hence, only the variables that are
well-modelled by the MC are used in order to ensure that the distributions on those variables
in data are reliable to study the performance of the track-based conversion reconstruction.

In order to quantify the agreement, the ratio of the mean in data divided by the mean in MC
is plotted in bins of |n|. This is illustrated in Figures 4.16 and 4.17 for the variables F;/FEs and
Ry. The E/E, variable has been corrected with the layer intercalibration procedure described
in Section 3.2. The level of deviation observed in the E;/Es MC distribution with respect to
data is taken as a reference. This leads to a condition on the difference in mean between data
and MC to be no more than 5% in the whole range of 7.

Out of the eight variables detailed in Table 4.3, five variables pass this specification: F;/FEs,
Ry, f1, wez and wy2. Eipaes1, which is the energy of the strip with maximal energy deposit,
does not show a good agreement between data and Monte Carlo. Ey/FEq.. is not corrected for
data and MC agreement unlike E;/F5 hence the data and MC distributions do not agree well.
Finally, there are some disagreements in the end-cap region for Fi;ge.
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Different combinations of these five variables are tested in terms of the error on the fitted
values of freco and frae on Monte Carlo pseudo-data.? It was found that a BDTG with only
2 variables (E1/FE> and Ry) as input performs just as well as having more variables, or even
all 5. The shape of the BDTG distributions with only 2 variables as input is not very different
from the distributions with more variables as they both peak at -1 and 1. Even though the
separation of the distributions of true converted and unconverted is better, it is marginal from
the point of view of the template fit. Hence it was decided to use the combination of Fj/Fs
and Ry in order to avoid complicating the fit with too many sources of systematic uncertainties
which would result in loss of sensitivity.
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Figure 4.16: Ratios of the mean of F;/FEs in data divided by the Monte Carlo distribution as a
function of |n| for converted (left) and unconverted (right) photons after layer recalibration has
been applied on MC [61].
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Figure 4.17: Ratios of the mean of Ry in data divided by the Monte Carlo distribution as a
function of || for converted (left) and unconverted (right) photons after applying fudge factor
on MC.

3In the template fit, the MC distributions are used in place of data distributions. This gives the expected
sensitivity.
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Chapter 4. Photon Conversion Classification and Measurement Using Shower Information

4.4.3 Background Templates from Purity Estimation

The source of background in the Z — ppuy sample is Z — pu decays with at least an additional
jet in the final state which fakes a photon. To extract the background templates, first one needs
to know the purity in data, which is expected to be different in each bin of E;/FEy or BDTG.
The purities for each of the 64 bins (8 bins in the fit variables x 4 |n| bins X 2 conversion status)
are extracted by fitting the distributions of puy-system invariant mass, 1m,,-

The Z — ppy signal peaks sharply at the mass of the Z boson whereas the background,
Z — pp + jet has a flatter distribution. To perform the fit, the m,,, mass requirement is
loosened from 80 < my,, < 96 GeV to 64 < my,, < 114 GeV.

The signal m,,, templates are obtained from the nominal Sherpa Z — puy Monte Carlo
sample with the usual selections except for the m,, mass requirement. The background m,,
templates are obtained from an inclusive Sherpa Z — pp sample with the same selection as
well. Details on these two samples are given in Section 4.1. However, as the Sherpa Z — puu
sample contains Z — puy events, the overlap between the two needs to be removed. Selections
are applied to choose only true prompt photons from the signal MC sample and fake photons
from the inclusive background sample, based on the matching of photon candidates to the true
particle.

Ideally, there should be separate m,,, templates for each bin of E;/E> or BDTG. However,
since the fit is performed on a large number of bins, the statistics pose a problem. Out of the ten
million events generated in the Sherpa Z — pu sample, only 3800 events pass all the required
selection cuts and have my,, between 64 and 114 GeV. The statistics are also not uniform,
with some bins having as few as 5 events. In order to increase the background statistics in
each bin, background templates are taken from 4 bins in the fit variable. The fit is still done
independently in each bin, but a background template is shared by 4 neighbouring bins.

The sum of signal and background m,, templates, with floating normalisations, is fitted
to the data distribution in each bin. The purity is calculated from the fitted numbers of
background and signal events in each bin, rescaled from the wide m,,, window to the signal
region (80 < myy < 96 GeV). The ultimate background templates (for both E;/Ey and BDTG)
are given by the product of the purity in each bin and the corresponding statistics in data. This
yields both shape and normalisation of the background templates.

Figure 4.18 shows the result of the fit to m,,, distributions in 8 bins of BDTG for the
In| < 0.6 channel with photons reconstructed as unconverted, as an example. The bottom right
plot shows the BDTG template obtained from the eight m,,, fits, corresponding to the fake
unconverted photons with || < 0.6.

These templates are then compared with the ones obtained directly from the background
MC sample. The templates from MC are normalised to the number of background events
expected in data from MC cross-sections and acceptances. Figure 4.19 shows the two templates
superimposed on the same plots. Good agreement is observed. The background templates all
peak at -1 regardless of whether these fake photons are reconstructed as converted or not as
they have shower shapes that are similar to those of a true converted photon.

4.4.4 Systematic Uncertainties

Sources of systematic uncertainties considered in this study are those from the limited statistics
in the Monte Carlo and background templates, the uncertainties in the amount of material
upstream of the electromagnetic calorimeter and the uncertainties due to the residual difference
between data and MC description of the shower shape after corrections have been applied. The
statistical uncertainties on the signal and background templates affect the normalisation in a
bin-by-bin basis whereas other uncertainties considered here vary the overall normalisation and
the coherent shape of the templates.
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Figure 4.18: From top left to bottom right, the first 8 plots show the m,,, fit results for photons
(true photons and jets faking photons) with |n| < 0.6 and reconstructed as unconverted by the
default algorithm in 8 bins of BDTG. The solid blue line represents the results of the fit to data
distribution with the sum of the signal (blue dotted line) and background (blue dashed line).
The final plot on bottom right is the resulting BDTG background template.

4.4.4.1 Uncertainties due to limited statistics in the Monte Carlo and background
templates

The uncertainties on the templates need to be taken into account due to the limited statistic of
the samples used to extract the templates. In particular, large uncertainties are present in the
background templates from the fit of low statistics m,,, templates as the data is divided into
64 bins.

To maximise the number of photon probes in the Monte Carlo, both the training and test
samples are used. Since it was checked that there is no overtraining, the two independent
samples can be safely combined. In all the fits, statistical uncertainties on the signal templates
are taken into account in the form of bin-by-bin statistical variations. One nuisance parameter
per bin is associated with the total statistical uncertainty in that bin.

The statistical errors from the background templates are not included in the fits with back-
ground components due to a technical problem. In HistFactory, when uncertainties from both
signal and background are included, the results look as if the uncertainties are much larger than
they really are. Therefore, it was decided to include only the statistical errors in the signal true
converted and unconverted templates. It was checked that the statistical errors from the signal
components are indeed larger than those from the background components since the background
contributes to only about 4% in data. Hence, ignoring the background template uncertainties
should not have a significant impact. This is shown in Figure 4.20 where the total signal er-
rors are the sum of errors in true converted and unconverted templates in quadrature and the
total error is the sum of the errors in all the components, including background. The errors
are calculated from the templates scaled to match the fractions in data from the fit without
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Figure 4.19: The BDTG background templates that are extracted from the Monte Carlo (black)
superimposed with the background templates from the data purity estimation (red). The plot
on the bottom right of Figure 4.18 is the same as the red plot on the top left. The top four plots
correspond to the channels of unconverted photons as reconstructed by the default algorithm
at four |n| bins, denoted eta0, etal, eta2 and eta3. The bottom four plots correspond to the
channels of reconstructed converted photons.

uncertainties from the statistical errors on the signal and background templates.

4.4.4.2 Uncertainties due to material description

The imperfect description of the material before the electromagnetic calorimeter in the ATLAS
simulation results in an uncertainty which can affect both the probability of a photon to convert
(feonv) and the shape of the shower shape variables and thus of the BDTG output. In order to
take into account this uncertainty, Z — uuy samples simulated with three different distorted
geometries listed in Section 4.1 are used.

In the distorted geometry sample with configuration A, there are 5% extra material in the
inner detector. This directly affects both the true conversion fraction and the shape of the
templates. The additional materials in configuration E’+L’ and F’+M+X are close to the
calorimeter, so they do not change the true conversion fraction but should have a sizeable
impact on the shape. Other distorted geometries exist but these are thought to be the most
relevant ones.

The difference in the shape of the template between the nominal and the distorted geometry
samples is taken as a +1o0 systematic variation, whereas a —1o variation is derived by inverting
this difference. For the normalisation uncertainty, the ratio of f.ony in geometry A to that in
the nominal geometry is taken as +1¢ variation, and is also symmetrised.
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Figure 4.20: The sum in quadrature of the errors from all components (black) and the errors
from only signal components (red). The top four plots correspond to the channels of unconverted
photons at four |n| bins, denoted eta0, etal, eta2 and eta3. The bottom four plots correspond
to the channels of converted photons.

4.4.4.3 Uncertainties due to imperfect description of shower shape in MC

There are other systematic uncertainties that have an effect on the shape of E;/Es, such as
the cross-talk in the electromagnetic calorimeter. They were included in the previous study in
Ref. [61] and were found to be small compared to the systematic uncertainties due to material.
For this reason, they are not included here.

For Ry, additional systematic uncertainties on the variable need to be considered. The
statistical uncertainty on the fudge factor of a given shower shape variable is taken as 1o uncer-
tainty. This uncertainty accounts for the residual difference between data and MC distributions
after the fudge factor has been applied.

As Ey/E, is not used in photon identification, no fudge factor has been derived for the
variable. However, this energy ratio has been corrected via a layer recalibration using muons
and the associated uncertainties are negligible compared to the other sources [61].

4.4.4.4 Parameterisation of the normalisation and shape variations due to system-
atic effects

In summary, normalisation systematics are taken from geometry A as the increase in material
in geometry A impacts on the true fraction of conversion. In addition, all of the 3 distorted
geometries and fudge factor uncertainties contribute to the shape systematics. Figure 4.21 gives
an example of the difference in shape between the nominal and the distorted samples.

In order to properly take into account the uncertainties described above, nuisance parameters
are introduced for each source of systematic uncertainty, i.e. material distortion in geometry A,
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Figure 4.21: An example of shape systematics for true unconverted photons with || < 0.6 and
reconstructed as unconverted. RphiUp refers to the BDTG obtained when the 1o uncertainty
is added to the Ry variable.

E’+L’ and F’+M+X and the uncertainty from the R4 fudge factors. For the material-related
systematic uncertainties, independent nuisance parameters are defined for each |7| bin. Whereas
for the uncertainties from the fudge factors, a nuisance parameter for each || bin and conversion
status is used since different fudge factors are applied depending on the reconstructed conversion
status.

Since the distortion in geometry A affects both f.on, and the shape of the templates, one
can either use (in each |n| category) one nuisance parameter for each of the two effects, or one
parameter taking into account both effects in a correlated way. The two options are tested,
using the geometry A MC sample as pseudo-data, scaled to match the number of events in the
real data sample. The fit is performed using templates extracted from the nominal geometry
MC sample, adding nuisance parameters to include all the systematic effects. No background
component is taken into account in the test since the pseudo-data contains only signal.

The nuisance parameters corresponding to geometry A are expected to be at 1o and the oth-
ers at Oo. Figure 4.22 shows the fitted value of each nuisance parameter where the uncertainties
from geometry A on the shape and on f.on, are separated.

We conclude that the pseudo-data which has the same statistics as the data sample, does not
have enough statistical power to pull the normalisation nuisance parameters. This is confirmed
by artificially scaling the pseudo-data to higher statistics. The test is repeated by correlating
the shape and normalisation effects in a single nuisance parameter per |n| bin. The pulls of the
nuisance parameters are shown in Figure 4.23. The nuisance parameters related to geometry
A are all pulled at 1o and the other nuisance parameters are scattered around 0, as expected.
In the following, one single nuisance parameter per |n| bin is used for the material distortion in
geometry A.

Using one parameter to take into account shape distortion and another for normalisation
when the two effects come from the same source is not realistic. This was initially tested in order
to separate the two effects and to know which effect dominates the pull on the systematics related
to the amount of material in the inner detector (geometry A). However, it became apparent
afterwards that using one single nuisance parameter per |n| bin to parameterise both effects is
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Figure 4.22: Nuisance parameters from the fit using the BDTG output to the distorted geometry
A pseudo-data. The nuisance parameters denoted MaterialA correspond to the shape-related
systematics and the Material A_norm nuisance parameters correspond to the normalisation sys-
tematics.
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Figure 4.23: Nuisance parameters from the fit using the BDTG output to the distorted geometry
A pseudo-data. The Material A nuisance parameters parameterise both variations in shape and
normalisation.

4.4.5 Closure Test on Monte Carlo Sample

MC templates can be used as pseudo-data by a simple scaling to match the statistics in data.
Using MC as pseudo-data provides a check on the methods and nuisance parameters. The
checks to be performed are whether the fitted values of freco and fre match those obtained
directly from the Monte Carlo truth, as presented in Table 4.5, perfect fit of templates and
no pull on nuisance parameters. The fit to pseudo-data also shows how much each nuisance
parameter is constrained. The errors on the fitted values of freco and fiake are also a measure
of the sensitivity of such a fit. In this closure test, the background component is set to zero.
Perfect fit is seen with the Monte Carlo as pseudo-data, as expected. This is illustrated in
Figure 4.24 for the fit using E;/Es.

Figure 4.25 shows the fitted values of the nuisance parameters from the fit of Ey/FE> and
BDTG on pseudo-data. The values are all at zero with varying degrees of constraint. Systemat-
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n f conv f fake f reco

In| < 0.6 0.168 0.021 0.892
0.6 <|n| <137 0.310 0.033 0.804
152 <|n| <1.8 0444 0.017 0.939
1.8 < |n| < 2.37 0.560 0.008 0.613

Table 4.5: The fractions of conversion, conversion reconstruction efficiencies and fake conversion
rates obtained from the Monte Carlo truth in the four || bins.
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Figure 4.24: Fit to nominal Monte Carlo pseudo-data using F;/FEs;. The blue histograms
correspond to the model, which is the sum of true unconverted (red) and converted (yellow).
The top four plots correspond to the channels of unconverted photons at four |n| bins, denoted
eta0, etal, eta2 and etad. The bottom four plots correspond to the channels of converted
photons.

ics from material difference are constrained, down to 20% of the amount added in the distorted
geometry. Similar constraints are also seen in the previous study [75] since E1/F5 is sensitive
to the amount of material and has been used to estimate it [61]. The fudge factor systematics
are also constrained. The uncertainties on the fudge factors are computed from a data sam-
ple corresponding to an integrated luminosity of 13 fb~! using both Z — eey and Z — uuy
channels and from Monte Carlo samples simulated with the old geometry where some material
excesses were not corrected. Since the number of /1y events in 13 fb~! is not very different from
the number of puy events in 20 fb~!, the constraints are not expected to be strong.

Table 4.6 shows the results from the fit to pseudo-data. The values of freco and frake Obtained
from the fits on E;/E2 and BDTG agree well with each other and with the values expected
from Monte Carlo. Errors on these two quantities are also shown.

The uncertainties on freco from the fit using BDTG are lower by up to a factor of 3 than
those from the fit using E;/FE2 except in the last bin where they are similar. Uncertainties on
fraxe are of similar sizes for the two fits. This demonstrates that one can extract the conversion
reconstruction efficiency from data using the BDTG fit with better precision than using F, /Es.
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Figure 4.25: Fitted values of the nuisance parameters from the fit using E;/E> (in red) and
BDTG (in black) to the nominal MC pseudo-data.

E\/E, BDTG

n f fake f reco f fake f reco

In| < 0.6
0.6 <|n| <1.37
1.52 < |n| < 1.8
1.8 < |n| < 2.37

0.021 £0.004
0.033 £0.005
0.016 £0.015
0.008 = 0.006

0.891 +£0.029
0.804 +£0.015
0.940 +0.023
0.613+0.012

0.022 £ 0.003
0.034 £ 0.006
0.017+0.017
0.008 +0.008

0.892+0.010
0.804 £+ 0.009
0.939 +£0.016
0.613+£0.012

Table 4.6: The results of the fit to pseudo-data using E;/Es> (left) and BDTG (right).

4.4.6 Fit to Data Ignoring Background

Since the Z — puy data with photon pr > 10 GeV has a high purity of about 96%, it was
initially thought that the background contribution could be neglected. In this section, the fits
are performed by fitting the data with the signal templates only. Since the impact of background
in data is found to be non-negligible, an attempt to increase the purity by raising the cut on
photon pr is also performed.

The fits are performed on the data sample described in Section 4.1, using E;/FEs and BDTG.
The quality of the fit is found to be good in both cases. The fitted values of freco and frake are
presented in Table 4.7. Both fits are performed on the same data with BDTG containing more
information on the shower shape than F;/FE, alone. However, the value of fieco Obtained from
the fit on BDTG tends to be lower and the value of fr, tends to be higher, compared to the
results from the fit on F;/FE,.

Ey/E; BDTG

Ui

f fake

freco

f fake

freco

In| < 0.6
0.6 < |n| < 1.37
1.52 < |n| < 1.8
1.8 < |n| < 2.37

0.011 £0.006
0.032 £0.004
0.016 £0.015
0.014 +£0.007

0.941 £0.052
0.795£0.015
0.922 £0.024
0.567£0.014

0.023 =0.003
0.050 £ 0.006
0.024 £0.013
0.020 = 0.009

0.821+0.013
0.758 £0.010
0.899 £0.015
0.560 £0.012

Table 4.7: Fitted values of the fake conversion rates and the conversion reconstruction effi-
ciencies. The fit is performed using E;/FE> (left) and the BDTG (right) variable, neglecting

background contribution.
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In the nuisance parameter plots in Figure 4.26, discrepancies are seen between the values of
the nuisance parameters from the two fits. Although none of them are pulled beyond 1o, the
two fits exhibit different trends in the nuisance parameter pulls. This is most notable in the
Material A_eta0 nuisance parameter, which is pulled by —0.8¢ in the F;/FEs fit and by +0.80 in
the fit using BDTG variable. This nuisance parameter correlates both the normalisation and
shape variations due to material distortion in geometry A.
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Figure 4.26: Fitted values of the nuisance parameters from the fit using E;/E> (in red) and
BDTG (in black) to data, neglecting background contribution.

Since the fit values are expected to be similar, one deduction is that the discrepancies
observed could be due to background. From the study in Ref. [59], the photon purity for
pr > 15 GeV is found to be about 98%, higher than that for pr > 10 GeV. Therefore, the
photon transverse momentum cut is raised to 15 GeV. While some discrepancies remain, freco
from the two fits agree much better in || < 0.6 and 1.52 < || < 1.8. This suggests again
that the background is responsible for the discrepancies observed between the two fits and by
removing background entirely, one may obtain similar fit values for the two fits. Details of this
study with higher pr requirement can be found in Appendix A.3.

4.4.7 Fit to Data with Background Subtraction

To estimate the background templates, the bin-by-bin purity estimation method from Section
4.4.3 is utilised. There are now three components in each channel, true converted, true uncon-
verted and background. A cut on photon pr > 10 GeV is used to maximise statistics since
background subtraction is done here.

The signal templates are fitted to data with background subtracted in each channel. The
result of the template fit of BDTG is shown in Figure 4.27. Although the background contri-
butions are small, they peak sharply at the value of BDTG=-1, which results in smaller freco
when they are ignored.

Table 4.8 compares the results from the fits to data using F4 /Fs and BDTG. Good agreement
between the two fits is seen, indicating that the discrepancies observed earlier are simply due
to background. The error sizes on freco are also smaller by up to a factor of 3 in the central
n region for the fit using BDTG, indicating a more precise measurement, as confirmed by the
pseudo-data fit in Section 4.4.5.

In addition, the results obtained using Ej/Es with background subtracted are similar to
those shown earlier in Table 4.7 where background was ignored. The fit using E;/FE> is insen-
sitive to the presence of background but the fit using BDTG is. A test using MC is presented
in Appendix A.4 in order to understand the impact of background on these two fits.
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Figure 4.27: Fit to data using BDTG with the background (green) subtracted. The blue
histograms correspond to the model, which is the sum of true unconverted (red) and converted
(vellow). The top four plots correspond to the channels of unconverted photons at four |7|

bins, denoted eta0, etal, eta2 and etad. The bottom four plots correspond to the channels of
converted photons.

1626 The fitted values of the nuisance parameters are shown in Figure 4.28. Comparing only the
127 Nuisance parameters related to the material since the Ry-related systematics are not relevant for
128 the fit using F4/FEs, good agreement is observed. For both fits, the Material FMX _eta2 nuisance
1620 parameter is pulled in the negative direction, indicating an excess of material in the simulation.
130 This is in accordance with the results of material determination in Ref. [61].
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Figure 4.28: Fitted values of the nuisance parameters from the fit using Ey/FEs (in red) and
BDTG (in black) to the data, with the background contribution subtracted.
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Ei/E, BDTG
n f fake f reco f fake f reco
In| < 0.6 0.013£0.005 0.921+£0.039 0.015£0.003 0.89040.012
0.6 <|n| <1.37 0.029+0.004 0.801+£0.015 0.027+0.005 0.804+0.009
1.52 < |n| < 1.8 0.016+£0.016 0.906+0.026 0.017+0.015 0.904+0.018
1.8 < |n| < 2.37 0.007£0.007 0.566+0.013 0.014+0.008 0.564+0.012

Table 4.8: The results of the fit to data using F;/FEy (left) and BDTG (right) variable, with
the background subtracted.

4.5 Conclusion

An alternative method to classify photon as converted or unconverted using information about
the electromagnetic shower shape has been studied. It is pile-up robust and performs better
than the default track-based conversion reconstruction at high pile-up environment, based on
the version of the reconstruction available during the Long Shutdown 1. The conversion recon-
struction efficiency is stable by construction and smaller increase is seen in the fake conversion
rate compared to the track-based reconstruction. It is also possible to add tracking information
to the classification method. The method has been validated on 2012 data.

In the second part of the study, the conversion reconstruction efficiency and fake conversion
rate in data are measured, using a template fit method. Compared to using only the distribution
of E1/E5 in the fit, it is found that using more variables (here E;/E and Ry combined through
a boosted decision tree) yields a more precise measurement on the efficiency of the track-based
conversion reconstruction due to the increased separation of true converted and unconverted
photons. The same values of the fractions are found using both methods with the combination
of variables giving smaller error sizes on the conversion reconstruction efficiency. The increased
separation also comes with a caveat. The contribution of jets faking photons has to be subtracted
if more variables are used as their shower looks similar to those of true converted photons. A
small amount, about 4% of background in Z — uuy data, results in a bias in the measured values
when it is not taken into account. In the case where the purity cannot be determined precisely
or where background subtraction without using shower shape-based identification criteria is
difficult or impossible, extraction of conversions fractions by fitting using E;/FE2 would be
preferred.

Sensitivity to the amount of material upstream of the calorimeter is also seen in the shower
shape. One can estimate the radius of conversion from the multivariate output. The template
fit using a classifier with two variables as input is also able to constrain the amount of material.
A known but uncorrected deficit of material in data compared to simulation in 1.5 < |n| < 1.6
is observed in the template fit results.
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Chapter 5

Statistics in High Energy Physics

In new physics searches, a critical question to answer is whether the observed anomaly (if
present) with respect to the known background prediction is significant or not. This is quantified
with a p-value, which is the probability of obtaining a result at least as extreme as observed
given the null (background-only) hypothesis is true. When a search is performed in a large
range, for example scanning over a large mass range, the so-called look-elsewhere effect, taking
into account that it is more likely to observe a fluctuation, must be estimated.

Often, due to the large search range, the look-elsewhere effect means that the p-value com-
puted is not as significant since fluctuations could occur anywhere within the search range.
Global p-value, taking into account this effect is discussed. In the case of no discovery, upper
limits are set on the process which can be used to constrain or exclude certain BSM models.
Statistical techniques in many ATLAS analyses are based on frequentist approach. A pro-
file likelihood ratio test statistic is used to quantify the agreement with the background-only
hypothesis and for determining the exclusion limits.

Section 5.1 presents the profile likelihood method. The computation of the discovery p-values
is described in Section 5.2. The look-elsewhere effect and the global p-values are discussed in
Section 5.3. Section 5.4 outlines the methods to compute limits. Finally, the computation of
p-values and upper limits using asymptotic approximation is described in Section 5.5 and the
Asimov dataset in Section 5.6.

The statistical methods reported here are used in the A — Zh and high mass diphoton
resonances search analyses described in Chapters 6, 8 and 9.

5.1 Profile Likelihood Method

Suppose we have a set of n measured quantities * = (x1,...,z,) described by the signal and
background probability density functions (pdfs), fs(x;;60) and fi,(z;;0), where 6 is the set of
nuisance parameters, the likelihood of the dataset can be expressed as

n

L, 0lz) = " [ [[s(n) - fo(i;0) +b- fo(wi; 0)]. (5.1)
=1

In the equation, s(u) is the number of signal events and b is the number of background
events. The number of signal events s is related to the parameter of interest, p, which is
typically signal strength or cross-section.

The maximum likelihood estimators, fi and 6 are the values of the parameters that max-
imise the likelihood function L(u, @), or equivalently, minimise —In L(u,@). The conditional

maximum likelihood estimator @(y) is the value of @ that maximises the likelihood function
with p fixed.
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Chapter 5. Statistics in High Energy Physics

To test a hypothesized value of y, we consider the profile likelihood ratio

L(p, 0(n))
L(i 0)
Usually, only p > 0 is considered as a valid signature for signal. However, it is often
convenient to allow p < 0 as long as the pdf is positive everywhere. Obtaining i < 0 indicates
a deficit of events in data with respect to the background only hypothesis. The likelihood
ratio A\(u) lies between 0 and 1, with 1 meaning a good agreement between the data and the

hypothesised value of pu.
Equivalently, it is convenient to use the test statistic

Ap) = (5.2)

ty = —2InA(p). (5.3)

5.2 Discovery p-value

When searching for a new phenomenon, one tries to exclude the background-only hypothesis Hy
that the data are consistent with known processes. The p-value of the null hypothesis (1 = 0)
quantifies the level of disagreement between the data and the null hypothesis. The probability
of obtaining a signal at least as large as the observed one, under the assumption that no signal
is present, is denoted pg. A small value of pg suggests the presence of a significant signal. A pg
of 2% does not mean that there is a 2% probability that the background-only hypothesis is true,
but rather that there is a 2% probability to obtain data as observed under the background-only
assumption.
To test for discovery, the one-sided test statistic is used:

¢b>>

(0)

e _ 7250 220 (5.4
+21n ((ZSJ))) fi<0
The p-value is calculated as .
po= [ S0y (55)
to,obs

where t ops is the test statistic observed in data and f(£9|0) denotes the pdf of the test statistic.

The discovery p-value is usually expressed as a significance Z defined so that a Z standard
deviation upward fluctuation of a Gaussian random variable would have an upper tail integral
equal to the p-value. That is,

Z =71 (1= po(ty")) (5.6)

where ®~! is the inverse of the cumulative distribution of the standard Gaussian. In high
energy physics, the standard convention of the level of significance where a discovery can be
claimed is Z=5, i.e. a 50 effect, corresponding to a p-value of 2.87 x 1077,

5.3 Look-elsewhere Effect

In the searches presented in this thesis, a wide range of mass or width of the hypothesized
resonance is scanned. The p-value obtained at a given mass and/or width is denoted as a local
p-value. Fluctuations of data leading to a large Z; local are more common than the corresponding
po probability would suggest since they could occur at any mass or width. This is referred to
as look-elsewhere effect (LEE).

There are several ways to take into account the look-elsewhere effect. The most straightfor-
ward way is to simply run many background-only pseudo-experiments and finding the largest
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5.4. Upper Limits

significance for each experiment. This procedure is however unrealistic, as it is extremely CPU
consuming.

A simplified method using thousands of pseudo-experiments is employed in the high mass
diphoton analysis. In this method, a number of background-only pseudo-experiments are gen-
erated from background-only maximum-likelihood fit on the observed data. In the generation
of each pseudo-experiment, the global observables (e.g. background parameters and normali-
sation) are randomised according to a Gaussian constraint pdf with a mean value equal to the
profiled value of the corresponding nuisance parameter from the fit to the observed data and a
width value defined by the covariance matrix of the fit. In each pseudo-dataset, the maximum
Zlocal in the signal search volume is determined. To determine the maximum Z}°°*, one usually
scans the entire mass and width grid to make sure the fit does not converge on a local mini-
mum. As this is computationally intensive, a number of maximum-likelihood fits are performed
on each pseudo-dataset instead. The initial values of the parameters of interest (my, signal
width and signal cross-section) are randomised within the signal search range prior to each fit.
The fit with the minimum negative-log-likelihood value is assumed to correspond to the true
maximum Z{°?. From the distribution of Z{°® in the fits to pseudo-experiments, the ZglObal
can be inferred by integrating the observed Z(l)"cal to infinity:

00
ZglObal _ /Zlocal f(Z[l)ocal) dZ(l)ocal. (57)
0

Another method which requires even less number of pseudo-experiments (around twenty) is
based on random fields. This was studied in Ref. [76] and then generalised to multi-dimensional
searches in Ref. [77].

5.4 Upper Limits

Upper limits on p are computed using the one-sided test statistic defined in Ref. [78]:

oy L) i<0
L£(0,6(0)) ’ 59
q o1y L(0(w) - 5.8
' 2 e OSSR
0 >,

For ji > p, the test statistics g, is set to zero because one would not exclude hypotheses
below the maximum likelihood estimator of p (that would be relevant for lower limits). The
region i < 0 is also treated in a special way by replacing the likelihood value at i < 0 by the
value at p = 0.

While 50 is generally required to claim a discovery, upper limit setting on the signal rate is
less stringent. Usually, a 95% confidence level (C.L.) is required. A 95% C.L., one-sided upper
limit on p, denoted i,y is obtained by solving for p,,,, = 5%. This is referred to as the C'L,yp
method as the p-value of the s + b hypothesis is used.

By definition, a 95% C.L. upper limit using the C'Lg; procedure accidentally excludes the
true parameter value 5% of the time. This results in the possibility that the C'L4; procedure
excludes the hypotheses to which one has little or no sensitivity. If the expected number of
signal events s is much less than that of background b, and the observed number of events has
a downward fluctuation, then this value of s will be excluded with a probability of 5%. This is
perceived as undesirable.

The C'Ls method mitigates the problem of unrealistic limits that are better than the ex-
perimental sensitivity by effectively penalising the p-value of a tested parameter by an amount
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Chapter 5. Statistics in High Energy Physics

that increases with decreasing sensitivity [79]. To calculate the C' L, upper limit, the p-value
calculation is modified to use'

CLs — p.uup
Hur P
fqioup f(‘ju‘s + b)dcjﬂ (5.9)

Sy £(@ulb)dd

where py, is the p-value for the background-only hypothesis. The C' L upper limit is therefore
more conservative than that from the CLgsy, method. The coverage probability of the C'L,
procedure can, depending on the true value of i, be greater than 95%.

5.5 Asymptotic Approximation

The sampling distribution for the test statistic is required in order to compute the p-value using
Eq. 5.5. For a discovery, one needs to construct the pdf f(¢y|0), where ¢ is the discovery test
statistic. For setting upper limits, the pdf f(gu|s + b) and f(gy.|b) for different p are required.
These involve the generation of many pseudo-experiments that are computationally expensive.

In the asymptotic limit of a large data sample, the maximum likelihood estimator of the
parameter of interest [ follows a Gaussian distribution with standard deviation o and the profile
log-likelihood ratio is parabolic [80]:

Coma(e = BB
nA(p) = ——5— + O(1/VN). (5.10)

The O(1/v/N) term can be neglected in the large sample limit.

According to the Wilks’ theorem [81], if i is Gaussian distributed, then in the asymptotic
limit, the distribution of the test statistic follows a y? distribution for one degree of freedom. If
the assumed strength p’ is different from the tested p, then the test statistic follows a noncentral
x? distribution with noncentrality parameter A

N2
A= i)
g

(5.11)

In the asymptotic approximation [78], the probability and cumulative distribution of ¢,"*

are: uncap
Lot /2 [ >0,

yuncap

01 jnean (5.12)

\/We 0 < O,
0
d /tuncap 0> 0
F(tuncap) :{ ( 0 ) /f— ) (5.13)

0 1—&(/—t3"®) (<0,

~

—~

~

oo

B

o

o

el

S~—

I

NI—= NI

3 3

Therefore, the p-value of the p = 0 hypothesis is

1—®(/ty" ™) >0,
poz{ (Vi ™) = (5.14)

(/) <0,

and the local discovery significance is simply

- + /tuncap (>0,
Z =3 (1—po(tg"™)) = \/ﬁ N (5.15)
- - 0 [L <: ().

Tn some literature including Ref. [79], a different convention of p; is used.
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5.6. Asimov Dataset

Assuming the validity of the Wald approximation, the test statistic used for upper limits
can be written as [78]

i o~
e i A

% 50
Gu=1S Wl o<p<y, (5.16)
0 o> .

Using this test statistic, the pdf f(g,|u) is found to be [78§]

11 1 G2 0 < G, < p2/o?
_ 1. 2V /7 € qu >~ p~/07,
f(QuLU) = *5((]u) + " \/a = 2 2\2 N (5.17)
2 1 exp | — L @utu®/o”) > 12 /o?
V2r2ujo) P | T2 @u/o)? qQu > p°/o”,
and the corresponding cumulative distribution is [78]
N (\/qp) 0 < qu < p?/o?,
F(Q,LL“L) = P Gutp?/o? - 2/ 9 (518)
(F57e— Qu>n/o.
Solving for pgﬁj = %}%f) = «, the median expected C'Lg limit on p is
paed = o®~1(1 - 0.50), (5.19)
and the =No error band is given by
fuptn = (@71 (1 — a®(£N)) £ N), (5.20)

where a = 0.05 for a 95% confidence level.

5.6 Asimov Dataset

The median experimental significance and its expected statistical variation can be provided by
a single representative dataset [78], referred to as the Asimov data set, instead of an ensemble
of pseudo-experiments. The Asimov dataset is defined so that when it is used to evaluate the
maximum likelihood estimator of a parameter, one obtains the input values of the parameter
itself. It is effectively a perfect dataset, without any statistical fluctuations.

In the asymptotic regime, the result obtained from the Asimov dataset matches the median
of the results obtained with pseudo-experiments. By using the Asimov data set, one can easily
obtain the median values of the test statistics.
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Chapter 6

Search for a CP-odd Higgs Boson A
Decaying to Zh with a jjv~v Final
State at /s = 8 TeV

In the two-Higgs-doublets models (2HDM) [20], the neutral CP-odd pseudoscalar A boson could
decay to a Z boson and a h boson. h is assumed to correspond to the recently discovered 125 GeV
boson. The decay of A — Zh is the primary decay mode of the A boson when its mass ma
lies between myp, + myz =~ 220 GeV and two times the mass of the top quark. Depending on the
model parameters, this decay mode could be advantageous even for higher values of m 4. The
A boson is mainly produced through gluon-fusion and in association with b-quarks [20]. In this
study, only the gluon-fusion production mechanism is considered as it is the dominant mode
in most of the 2HDM parameter space, the b-quark associated mode being relevant for type-II
2HDM in the high tan g region.

In ATLAS, searches for an A boson decaying to Zh have been performed with 8 TeV data
in the £r7, £0bb, vvbb final states [82], where h is identified by its decay modes, h — bb and
h — 77. No evidence for the A boson was found. Among the searches, the bb channels have the
best sensitivity.

In this chapter, a feasibility study of the search for the A boson decaying to Zh in the
220-1000 GeV mass range is presented, using 20.3 fb~! of /s = 8 TeV pp collisions collected by
ATLAS in 2012, with jets and photons in the final states. The Z boson decays predominantly
to hadrons (jets) whereas the Higgs decay to diphoton offers a clean signature with excellent
resolution despite its rarity. If the mass of A my4 is large, one can search for an excess of
events in the four-body (two jets and two photons) invariant mass spectrum, over a smoothly
falling background. However, since the background spectrum peaks at around 260 GeV !, a
low-m 4 signal would appear as a small excess on top of this large peak. Therefore, the search
is divided in two ranges of the resonance mass. In the low-mass region (220 < my < 400 GeV),
the diphoton invariant mass m. is used to search for an excess, whereas at high mass (400 <
ma < 1000 GeV), we exploit the four-body invariant mass instead.

The study presented in this chapter was carried out by myself, hence I was involved in all
stages of the study from the beginning till the end, starting from the request and validation of
the MC samples to the event selection optimisation and the final analysis strategy.

Section 6.1 outlines the data and MC samples used in this study. Event selection and
optimisations are described in Section 6.2. The statistical analysis is presented in Section 6.3.
Finally, the result is shown in Section 6.4.

!This is due to the kinematical requirement on the transverse momentum of the photon and jet candidates as
well as requirement on the diphoton and dijet invariant mass.
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Chapter 6. Search for a CP-odd Higgs Boson A Decaying to Zh with a jjyy Final State at
Vs =8 TeV

6.1 Data and Monte Carlo Samples

All Monte Carlo samples are generated with a centre-of-mass energy of 8 TeV.Non-resonant
diphoton background is obtained via data-driven methods. The data used in this analysis were
recorded by the ATLAS detector during the 2012 run and have an integrated luminosity of 20.3
fb~!. The SM Higgs background is acquired from simulated samples.

6.1.1 Signal Samples

Signal samples for an A boson decaying to Zh are produced for m 4 between 220 and 1000 GeV
with the final states of h — vy and Z — jj. The A boson production mode considered here is
gluon-gluon fusion. These samples are generated with Madgraph 5 [83]. The parton showering
and hadronisation is performed with Pythia8 [68]. In the generation, the Higgs mass my, is
fixed at 125 GeV and m4 = mpy = mpy+, where H and H* are the other heavy Higgs bosons
predicted by the model. A narrow width of 1 GeV is assumed for the A, H and H* bosons.

Ten samples are generated, each with a different value of the mass of the A boson: 220, 240,
260, 300, 340, 350, 400, 500, 800 and 1000 GeV. For each mass point, 40 thousand events are
simulated.

The expected cross-sections of a gluon-fusion produced A boson, its branching ratios to Zh
and the branching ratios of h to 7y for some 2HDM scenarios calculated with SusHi [84] and
2HDMC [85] are shown in Table 6.1. The branching ratios of h to v~ differ only slightly from the
SM value for my, = 125 GeV, which is 0.00228 [15].

In the analysis, the cross-sections predicted by Type-I1 2HDM with sin (8 — o) = 0.9998 and
tan 8 = 1 are used to optimise the event selection as sin (8 — a) = 0.9998 corresponds to the
SM-like limit.

6.1.2 Background Samples

There are two sources of background in this search. The first is non-resonant QCD background
which is expected to be smoothly falling. The non-resonant background is data-driven. The
second source of background is from the SM Higgs, which is resonant in m... This is relevant
for the low-mass analysis.

6.1.2.1 Non-resonant Background

The background consists primarily of non-resonant QCD production of two photons with at
least two jets. Additional contributions to the background come from events with one photon
and multiple jets or multijet events when one or two jets are misidentified as photons, as well
as events with a true Z boson produced together with photons or jets misidentified as photons.

The kinematic properties of these background contributions are studied directly on data by
using the sidebands of the m., spectrum. The signal region is defined as 20, around my,
where 0,, = 1.6 GeV is the diphoton invariant mass resolution and mj = 126 GeV is the value
of the mass of the Higgs boson measured in the diphoton decay channel by ATLAS [86]. The
sidebands are defined as: [110 GeV ,my, — 20+,] and [my, + 20,160 GeV].

The amount and the shape of the non-resonant background in the diphoton and four-body
invariant mass spectra are extracted from data for the low- and high-mass analyses respectively.
The procedure is described in Section 6.3.

6.1.2.2 SM Higgs Background

The 125 GeV h — ~7 resonance is a background to the search analysis when there are two
reconstructed jets with invariant mass close to the Z boson mass present in the event. While its
contribution is quite small relative to the non-resonant background, its resonant nature mimics
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6.1. Data and Monte Carlo Samples

ma [GeV] o(g9 — A) [pb] B(A— Zh) B(h — v7)
Type-1, sin (f — ) = 0.9998, tan § = 1

220 16.0784 0.00555 0.00193
240 13.8724 0.07070 0.00194
260 12.3491 0.14160 0.00194
300 11.0507 0.21421 0.00195
340 15.7024 0.05330 0.00195
350 20.0308 0.00227 0.00195
400 8.58149 0.00205 0.00196
500 2.32646 0.00325 0.00196
800 0.12097 0.00941 0.00196
1000 0.02564 0.01539 0.00196

Type-1, sin (8 — a) = 0.9998, tan 5 = 10

220 0.16078 0.35832 0.00208
240 0.12349 0.94284 0.00209
260 0.12349 0.94284 0.00209
300 0.11050 0.96461 0.00209
340 0.15702 0.84919 0.00209
350 0.20030 0.18541 0.00209
400 0.08581 0.17068 0.00210
500 0.02326 0.24593 0.00210
800 0.00120 0.48722 0.00210
1000 0.00025 0.60989 0.00210

Type-I1, sin (8 — ) = 0.9998, tan 5 = 10

220 0.02009 0.00091 0.00216
240 0.01362 0.01233 0.00217
260 0.00946 0.02635 0.00218
300 0.00485 0.04261 0.00218
340 0.00265 0.00896 0.00219
350 0.00230 0.00036 0.00219
400 0.00118 0.00032 0.00219
500 0.00036 0.00052 0.00220
800 2.37e-05 0.00151 0.00220
1000 5.53e-06 0.00249 0.00220

Table 6.1: Cross-sections of gluon-fusion produced A boson, its branching ratios to Zh and the
branching ratios of h to vy for some 2HDM scenarios. They are calculated with SusHi [84] and
2HDMC [85].

the A boson decay in the low-mass search since the fit is performed on the diphoton invariant
mass.

The my = 125 GeV samples for the five Standard Model Higgs production modes are used:
gluon-gluon fusion (ggF), vector boson fusion (VBF), associated production (Wh and Zh),
and tth production. The rates for these production modes as well as the branching ratio to
two photons are taken from the Handbook of LHC Higgs Cross Sections 3 [15] hence slightly
different from the numbers presented in Tables 1.1 and 1.2.
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Chapter 6. Search for a CP-odd Higgs Boson A Decaying to Zh with a jjyy Final State at
Vs =8 TeV

6.2 Event Selection and Optimisations

The object definition and event pre-selection are presented. The kinematical selection is then
optimised for sensitivity to the A boson signal by taking advantage of the different kinematics
of the A boson decay and the SM background.

6.2.1 Object Definition
6.2.1.1 Photons

Only photons reconstructed within the calorimeter acceptance (|n| < 2.37 excluding 1.37 < |n| <
1.56) are considered as candidates. The same acceptance is used also in the SM h — ~~ analysis
in Run 1 and is more stringent than the usual crack-region definition of 1.37 < |n| < 1.52.

They are required to pass the tight identification criteria (see Section 3.3) as well as the
default h — v track and calorimeter isolation requirements. The track isolation in a cone of
AR = 0.2 is required to be less than 2.6 GeV, and the calorimeter isolation in a cone of size
AR = 0.4 around the photon has to be lower than 6 GeV.

6.2.1.2 Jets

Jets are reconstructed from three-dimensional topological clusters of energy in the electromag-
netic and hadronic calorimeters using the anti-k; algorithm [87] with a distance parameter of
R = 0.4. Jet candidates are required to have a transverse energy greater than 20 GeV and be
within |n| < 4.5. In order to suppress jets from pile-up, the jet vertex fraction (JVF) of the jets
within the tracking acceptance (|n| < 2.4) is required to be less than 0.25. JVF is defined as
the ratio of the sum of transverse momenta of tracks associated with the jet that are produced
at the diphoton primary vertex and the sum of transverse momenta of tracks associated with
the jet from all primary vertices [88].

6.2.2 Event Pre-selection

The candidate events are pre-selected with the following criteria:

e The data are required to satisfy a number of conditions to ensure that the ATLAS detector
was operational with good efficiency during data taking.

e Data events that are incomplete, corrupted, or have problems in the calorimetric system
are removed. Events with a trip in the tile calorimeter are also rejected.

e Events are selected using a diphoton trigger, EF_2g20vh _medium, that requires at least
20 GeV transverse momentum for the two leading photons. The trigger level photon pr
cut is lower than the g35_loose_g25_loose trigger used in the standard h — ~~ analysis.
On the other hand, the requirement on photon identification based on shower shapes is
tighter than the loose trigger.?

e The events are required to have at least one reconstructed primary vertex with at least
three associated tracks.

e At least two reconstructed photons passing tight identification criteria with the leading-pr
photon having transverse momentum greater than 25 GeV and the subleading 22 GeV.

2In the medium photon identification selection, the loose photon identification selection is applied with addi-
tional requirements on the shower shape variables wsior and Fratio-
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6.2. Event Selection and Optimisations

The two highest pr photons are chosen. To precisely measure the diphoton invariant mass,
an accurate estimate of the location of the diphoton production vertex is necessary. The photon
pointing method provides the direction of flight of the photons by combining their trajectories,
measured using the longitudinal segmentation of the calorimeter, with constraints from the
average collision point of the proton beams. A neural-network algorithm selects the diphoton
production vertex from the reconstructed collision vertices using a number of information. It
combines photon pointing information with the sum of the squared momenta Ep% and the
scalar sum of the momenta >pr of the tracks associated with each reconstructed vertex, and
the difference in azimuthal angle A¢ between the direction defined by the vector sum of the
track momenta and that of the diphoton system.

The photon four-momenta are then recalculated according to the selected diphoton vertex
and the diphoton invariant mass m.~ is required to be within 110 < m., < 160 GeV.

The jet pair is formed by choosing two jets with the highest pr and a loose invariant mass
requirement of 50 < m;; < 130 GeV is imposed. Further optimisation of the dijet invariant
mass window will be performed in the following.

6.2.3 Optimised Kinematic Selection

In order to optimise the kinematic selection, we use significance as a figure of merit. The signal
significance is defined as [78]

Significance = \/2 : ((5’ + B)-In(1+ %) - S). (6.1)

Optimisation is performed by varying the relevant cuts and finding the cuts with the largest
significance. This is done for each mass hypothesis but in order to keep the selection as simple
as possible, a common loose cut is preferred. The value of the cut that gives the maximum
expected significance for a relatively low A mass (about my = 240 — 260 GeV) is chosen since
the amount of background at higher A mass is small. Instead of a common absolute cut, if
necessary, the cut can be parameterised as a function of the A mass.

In the optimisation procedure, the signal is scaled to the expected number in 2012 colli-
sion data assuming Type-I 2HDM with sin (5 — «) = 0.9998 and tan 3 = 1. The number of
background events is taken from both data and MC. The expected non-resonant background
contribution is derived from data events in the sidebands outside the signal region in m.~. An
exponential function is used to characterise the shape of the background in m,, and to esti-
mate the number of background events in the signal region from the number of events in the
sidebands. The resonant background which is the SM Higgs background is obtained from MC.
The SM Higgs events from the five processes in Section 6.1.2.2 are scaled to their respective
expectations. The signal is optimised against the sum of resonant and non-resonant background.

6.2.3.1 Photon pr

The standard h — v analysis uses a relative transverse momentum cut of pr/m., > 0.35 for
the photon with the highest pr and pr/m., > 0.25 for the photon with the second-highest
pr. Nevertheless, the Higgs boson from the decay of the A boson has a transverse momentum
that increases as a function of the mass m 4, which results in the photons having higher pp.
The pr distributions for the leading and subleading photon candidates are shown in Figure 6.1
for background events in data (see Section 6.1.2.1) and for signal events from the MC samples
with several A mass hypotheses. A tighter pr requirement than the one used in the standard
analysis could be applied to reduce the amount of background.

For different cut values on the photon pr (either relative or absolute cut), the gain in
significance with respect to pre-selection requirement (pr > 25 GeV for the leading photon and
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Figure 6.1: Distribution of the transverse momentum of the candidate photons for background
events (dots) compared to signal events generated with m 4 = 220 (black), 300 (red), 500 (green)
and 1000 (blue) GeV. Left: leading photon candidate; right: subleading photon candidate.

pr > 22 GeV for the subleading photon) is computed. Varying only the cut on the leading
photon pr and keeping the subleading photon pr cut of pr/m., > 0.25, the gain in significance
for various low mass hypotheses as a function of the cut is shown in Figure 6.2a. A leading
photon pr cut of pr/m,, > 0.5 is found to be optimal for m4 = 260 GeV. The signal and
background efficiencies for this pr requirement are shown in Figure 6.2b where more than half
of the background is rejected while the signal efficiency remains relatively high, from 63% at
ma = 220 GeV to 96% at higher masses.

In Figure 6.2¢, the gain in significance as a function of m 4 is shown for two tested cuts on the
leading photon pr, the one used in the standard analysis (p%l /m~~ > 0.35) and the optimal cut
for ma = 260 GeV (p%l /m~~ > 0.5). The significance with the tighter cut is higher everywhere
except at ma = 220 GeV. pr/m., > 0.5 is optimal for my = 260 GeV and only results in a
tiny loss in significance for m4 = 220 GeV. With the cut on the leading photon pr chosen, a
tighter requirement on the subleading photon pr does not bring significant improvement and
thus p%?/mw > 0.25 is kept.

Absolute pr cuts were also considered, but they do not outperform relative py cuts. A tight
cut on the absolute photon pr also distorts the exponential shape of the m, distributions. In
order to keep the background m,, shape exponential, the pr cuts are restricted to relative cuts.
The effect of an absolute pr cut on the m., distribution can be seen in Figure 6.2d.

6.2.3.2 Jet pr

The transverse momentum requirement on the jets can also be tightened to reduce the amount
of background, as demonstrated in Figure 6.3. Varying only the cut on the leading jet pr
and keeping subleading jet pr requirement at pr > 25 GeV, the gain in significance compared
to using a pre-selection cut of 22 GeV on both jets is shown in Figure 6.4a for various low
mass hypotheses. The optimal pr cut values for my = 240 and 260 GeV are 35 GeV for the
leading-pr jet and 25 GeV for the subleading-pr jet. With these cuts, 42% of the background
is eliminated while the relative signal efficiency remains high, from 77% at m4 = 220 GeV to
99% at higher masses, as shown in Figure 6.4b.

6.2.3.3 Improving the Resolution of the Reconstructed Mass of the A boson

In order to improve the resolution of the reconstructed mass of the A boson mf¢, the four-body

invariant mass is scaled by the following formula:
MEE = Mijjoy — Mjj + M7, (6.2)
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Figure 6.2: (a) Gain in significance with respect to the pre-selection cuts (25 GeV and 22 GeV
for the leading and the subleading photon candidate respectively) as a function of p}l [Myry
cut for several hypotheses on the A boson mass: m4 = 220 (black), 240 (red), 260 (blue) and
300 (violet) GeV. The subleading photon is required to satisfy pr/m., > 0.25. (b) Signal
and background efficiencies across m 4 of the optimal cut found for m4 = 260 GeV, that is
p%l /M~y > 0.5 and p%Q /m~y > 0.25. The efficiency is with respect to the pre-selection cuts.
(c) Gain in significance with respect to the pre-selection cuts as a function of my4 comparing
two tested cuts: p%l /m~y > 0.5 and p%l /M~y > 0.35. (d) m., distribution of the diphoton
background for the chosen relative cuts versus an alternative absolute cut of p:}l > 65 GeV and
pi? > 25 GeV.

where mz is the nominal mass of the Z boson, 91.1 GeV. The mass is scaled by only m;; since
the resolution of v is much better and adding the scaling of m.~, by m; has no noticeable effect
on the resolution of the reconstructed A boson mass.

Figure 6.5 shows the effect of this mass scaling on the resolution. The improvement in mass
resolution is especially pronounced at lower masses since the resolution is already quite good for
high-pr jets. With the mass scaling, the background shape becomes slightly narrower, which
has a small impact on the low A mass search.

6.2.3.4 Dijet Invariant Mass

The position of the peak of the signal dijet invariant mass distribution varies as a function of
ma, as shown in Figure 6.6a. It is true even for the reconstructed jets that are matched to
the true quarks from Z decays (see Figure 6.6b). The matching of jet to the true quark is
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Figure 6.3: Distribution of the transverse momentum of the jet candidates for background events
(dots) compared to signal events generated with m 4 = 220 (black), 300 (red), 500 (green) and

1000 (blue) GeV. Left: leading jet candidate; right: subleading jet candidate.
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Figure 6.4: (a) Gain in 51gn1ﬁcance with respect to the pre-selection cuts (22 GeV on both jet
candidates) as a function of pT cut for several hypotheses on the A boson mass: my = 220
(black), 240 (red), 260 (blue) and 300 (violet) GeV. The subleading jet is required to satisfy
pr > 25 GeV. (b) Signal and background efﬁ(nen(nes across my4 of the optimal cut found for
ma = 260 GeV, that is pjT > 35 GeV and p > > 25 GeV. The efficiency is with respect to the
pre-selection cuts as well as the relative photon pr cut determined in previous section.

accomplished by requiring the selected jet to be within AR < 0.3 of a true quark from Z decay.
The invariant mass of dijet for low m 4 are more spread out since the jets have lower py, and
hence they have poorer resolution.

To define an optimum cut on the invariant mass of the dijet system, the peak position of the
m;; distribution is parameterised as a function of m 4. It is obtained from the Gaussian mean
by fitting the core of the distribution with a Gaussian function. Figure 6.7 shows the dijet mass
peak position as a function of m4. A linear fit of the peak position as a function of my gives

mfj“’“ = 0.0097 x m 4 + 87.4 GeV.

The window around this peak is then optimised for highest significance for each value of
ma. Figure 6.8a shows the width of m;; window that gives the best significance. The black
markers show the width value that gives the highest significance while the vertical error bands
show the range of the m;; width cut values that yield a significance within +1c¢ of the statistical
uncertainty of the highest significance. A cut value on the width of m;; of 46 GeV is chosen as
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500 (green) and 1000 (blue) GeV, and (b) background events.
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Figure 6.6: Reconstructed dijet mass distributions for m4 = 220 (black), 300 (red) and 1000
(blue) GeV choosing (a) the two highest-pr jets, (b) the jets matching the quarks from the Z
decay.

it is optimal for masses of the A boson between 220 and 350 GeV. With higher A masses, the
dijet mass distributions are narrower but a common cut is chosen as there is little background
in the high mass region. Figure 6.8b shows the gain in significance by optimising the dijet
mass window cut compared to the 50 - 130 GeV pre-selection cut. The signal and background
efficiencies with a 46 GeV window cut are plotted in Figure 6.8c.

6.2.3.5 Angle between the Jets

The angle in 1 between the jets is typically small for signal events, especially when the Z boson
is boosted (which is true for high A mass). This is demonstrated in Figure 6.9a. An;; < 1.6
is found to be the optimal cut for m4 between 220 and 350 GeV. This cut is more than 90%
efficient on the signal while removing a substantial amount (about 20%) of background, as seen
in Figure 6.9b.

Cuts on the angle in ¢ between the two jets are also tested, but they are difficult to param-
eterise and do not bring significant improvement. The distributions are shown in Figure 6.10.
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Figure 6.8: (a) Optimal width of dijet invariant mass window as a function of m 4. The points
are the optimal cut values and the error bars show the range in which the significance is similar
to the optimal cut significance within statistical uncertainties. (b) Gain in significance compared
to the 50 < m;; < 130 GeV pre-selection cut as a function of m4. (c) Signal and background
efficiencies across m4 using 46 GeV dijet mass window cut.

6.2.3.6 Dijet pr

The transverse momentum distribution of the dijet system varies as a function of m4. The
mass distributions in background events resemble that of a low-mass A boson. By applying a
cut on the pr of the dijet system as a function of m'°, the significance can be improved for
my4 > 260 GeV.

Figure 6.11a shows the distributions of the transverse momentum of the dijet system that
forms the Z boson for the non-resonant background and a few signal mass hypotheses. The cut

value is chosen to be

P < Min[163 GeV, —2.18 x 1073 - m?% 4 2.23 - m4 — 407 GeV] (6.3)

from the results of optimisation, as shown in Figure 6.11b. For reconstructed A masses
above 500 GeV, a cut of 163 GeV is chosen instead due to the very low background.
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Figure 6.9: (a) Distribution of the difference in 7 between the two jets (An;;) for background
events (dots) compared to signal events generated with m4 = 220 (black), 300 (red), 500 (green)
and 1000 (blue) GeV. (b) Signal and background efficiencies across m4 with a cut on An;; < 1.6.

oosF AT T T

- MA=220GeV
==mA=300GeV

mA=500GeV E
= MA=1000GeV ]
e background E

0.2F

0.15}

0.9F

0.05F

Figure 6.10: Distribution of the difference in ¢ between the two jets (A¢;;) for background
events (dots) compared to signal events generated with my = 220 (black), 300 (red), 500
(green) and 1000 (blue) GeV.

6.2.4 Summary

The event selection has been optimised making use of the different kinematics between the
background and the signal events. The final event selection acceptance in the simulated signal
samples ranges from 8 to 26% and is shown in Figure 6.12. The selection cuts are summarised
below:

o ) /myy, > 0.5 and p)t/m., > 0.25.

° p{fl > 35 GeV and pjﬁ > 25 GeV.

m;; within a 46 GeV window centred around m?jak = 0.0097 x m + 87.4 GeV.

A?]jj < 1.6.

P < Min[163 GeV, —2.18 x 1073 - m?% + 2.23 - m4 — 407 GeV].
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Figure 6.11: (a) Distribution of the transverse momentum of the dijet system (pzfj ) for back-
ground events (dots) compared to signal events generated with m4 = 220 (black), 300 (red),
500 (green) and 1000 (blue) GeV. (b) Optimal pJ! cut as a function of m4. The points are the
optimal cut values and the error bars show the range in which the significance is similar to the
optimal cut significance within statistical uncertainties. The pr cuts are fitted with a quadratic
function for masses up to 500 GeV.
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Figure 6.12: Final acceptance (ratio of signal events passing the full selection described previ-
ously to the total number of generated events) as a function of generated m4.

6.3 Statistical Analysis

6.3.1 Fitting Strategy

Figure 6.13 shows the scaled four-body invariant mass m'° as defined in Eq. 6.2, for events

in data passing the selection described in the previous section, but the cuts on the m,, and
m'y¢ invariant masses. However, in order to keep the analysis blinded, only the events in the
m~ sidebands (see Section 6.1.2) are shown. The peak at around 260 GeV makes it difficult to
search for an excess in the m'{® < 400 GeV range. Therefore, the search is split into two regions:
a low-mass region (220 < my4 < 400 GeV) and a high-mass region (400 < m4 < 1000 GeV).

At low mass, m, is used to discriminate between signal and background. The search is
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Figure 6.13: Rescaled four-body invariant mass m';“ for events passing the selection described
in Section 6.2, except the cuts on m,, and on m’f°. The cut on m., is reversed to select only
events in the sidebands: 110 < my, < myp — 204, or my, + 20,y < My < 160 GeV (control
region).

performed for six mass points: ma = 220, 240, 260, 300, 340 and 350 GeV, corresponding to
the signal Monte Carlo samples (see Section 6.1.1). For each mass point the m,, spectrum

is built for events passing the selection, including the cut on m'{® around m4 as described in

Section 6.2.3.3.

For the high mass analysis, the discriminant variable is m'{°. The signal and control region
samples are fitted simultaneously. The signal region sample is composed of events passing the
selection, including the |m.,, — my| < 20, cut (Section 6.1.2), whereas the control region
sample is built by reversing the cut on m., to select events in the sidebands (110 < m, <
mp, — 204, Or My, + 20, < My < 160 GeV). The control region sample is used to constrain
better the background shape in m!{¢ by fitting the spectrum in the signal and control regions
simultaneously.

6.3.2 Signal and Background Modelling in the Low-mass Analysis

The shape of the m,, spectrum for signal events is parameterised by the sum of a Crystal Ball
function [89-91] and a Gaussian as in the SM h — 77 analysis. The Crystal Ball function is
defined as

N exp (—t1/2) , for t > —acn
(nes/lacs])™® - exp (—|acs[?/2) - (ncs/|acs| — |acs| — €)%, otherwise

(6.4)

where NN is a normalisation parameter and ¢ = (m.y—puc)/ocB. e and ocp are the mean

and the width of the Gaussian core of the Crystal Ball function, and ncg and acp parameterise

the non-Gaussian tail. The mean and the width of the additional Gaussian function are denoted

ue and og in the following. The parameter values are estimated from the fit to the Monte Carlo

signal samples (Section 6.1.1). As observed in the SM h — ~+ analysis, the correlations between

the parameters listed above are large. Therefore, ncp is fixed to 10 and ug to ucg. Table 6.2

shows the parameter values fitted on the my4 = 300 GeV signal sample. It was checked that the

m~~ spectrum shape does not vary significantly with m 4. Therefore, this set of parameters is
used for any mass point. The result of the fit is shown in Figure 6.14.
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parameter value

pep = pg 124.89 +0.03
OCB 1.48 +£0.03
aCB 1.7+0.1
ncB 10 (fixed)
oG 3.9+0.6
fa 0.97 £ 0.02

Table 6.2: Values of the parameters of the Crystal Ball and Gaussian functions extracted from
the diphoton spectrum in the Monte Carlo signal sample generated at m4 = 300 GeV and used
in the low-mass analysis. fg is the fraction of events described by the Gaussian. The meaning
of other parameters is given in the text.
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Figure 6.14: Diphoton invariant mass spectrum from signal Monte Carlo events generated for
m4 = 300 GeV. The spectrum is fitted with a Crystal Ball plus a Gaussian (dotted line).

The continuum background is modelled by an exponential. It is known from the SM h — ~~
analysis that an imperfect description of the background by the chosen function can lead to a
spurious estimation of signal. This effect has not been studied in the present analysis given that
the goal is to roughly estimate the sensitivity reach of this channel. A detailed measurement of
the exclusion limit would certainly require a careful study of spurious signal effects and might
lead to choosing a better suited function. Figure 6.15 shows the fitted spectrum for each mass
point m 4. The signal region is blinded.

Direct production of the SM Higgs h is a background in the low-mass analysis. The ex-
pected number of events is estimated from the production cross-sections and the h — v+ decay
branching fraction from Ref. [15].The selection efficiencies are computed from the Monte Carlo
samples listed in Section 6.1.2.2. The shape is assumed to be the same as for the signal. This
assumption has been checked on Monte Carlo. Table 6.3 gives the selection efficiencies and ex-
pected number of events for each production channel and each mass point my4 as the selection
criteria depend on m4.
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Figure 6.15: Diphoton invariant mass spectra from data events selected for each mass point

being tested in the low-mass analysis. The spectra are fitted with an exponential. The signal
region is blinded.

6.3.3 Signal and Background Modelling in the High-mass Analysis

The high-mass search is performed for four mass points: ma = 400, 500, 800 and 1000 GeV.
The shape of the signal m'{® spectrum is parameterised by the sum of a Crystal Ball and a
Gaussian, as for the m,, spectrum in the low-mass analysis. The values of the parameters
are extracted from the Monte Carlo samples, corresponding to the four mass points mentioned
above. The values are given in Table 6.4 and the fitted distributions are shown in Figure 6.16.
As in the low-mass search, the number of free parameters is reduced: ncg is fixed to 5, acp to
1.5 and pg to pucB.

The background is modelled by an exponential. In order to increase the statistical accuracy
of the parameter estimation, m';® sidebands in the signal region are fitted simultaneously with
the m{® spectrum from events in the control region (Figure 6.13). Because of the steep decrease
of the spectrum below 400 GeV changing to an almost flat distribution at higher masses, it is
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prod. 220 GeV 240 GeV 250 GeV 260 GeV 300 GeV 350 GeV
mode € [%] evts €[%] evts €[%] evts €[%] evts €[%] evts €[%] evts

ggF 0.17 156 0.19 171 021 190 020 1.78 0.11 096 0.08 0.78
VBF 0.11 0.08 0.12 0.11 0.13 0.10 0.13 0.10 0.09 0.06 0.08 0.06
WH 23 074 25 08 27 08 20 09 17 065 10 0.56
ZH 28 053 30 058 32 061 31 059 21 041 19 0.36
ttH 0.82 005 093 006 12 007 15 009 13 008 1.2 0.07

total 2.96 3.24 3.57 3.45 2.17 1.83

Table 6.3: Selection efficiencies and expected numbers of events from direct A production, for
each SM production mode. Since the selection criteria depends on m4, the numbers are given
for each mass point. The expected numbers of events correspond to an integrated luminosity
of 20.3 fb~1.

parameter my = 400 GeV  my =500 GeV  m4 = 800 GeV  m4 = 1000 GeV

UCB = UG 402.0+ 0.1 504.4+0.1 807.3 +£0.2 1008.6 + 0.3
OCB 10.8£0.1 13.4£0.1 21.7+0.2 28.94+0.2
acB 1.5 (fixed)
ncB 5. (fixed)
oG 76. + 8. 76. £ 6. 105. £ 7. 230. £ 50.

fc 0.918 £ 0.006 0.938 £ 0.004 0.953 £ 0.004 0.961 = 0.003

Table 6.4: Parameter values of the Crystal Ball and Gaussian functions extracted from the m'y°
spectrum in the Monte Carlo signal samples for the high-mass analysis. fg is the fraction of
events described by the Gaussian. The meaning of other parameters is given in the text.

difficult to find one function to describe the full range. Instead, the fit is performed on a window
around each mass point, defined as [m%° — 51071 x (m5€)2, m%° + 5 - 1071 x (m5°)?]. This
choice maximises the number of events entering in the fit for each value of m 4, while restricting
the window to a range where the spectrum can reasonably be described by an exponential.

Figure 6.17 shows the result of the fit in four windows of the control region m'y¢ spectrum.

6.3.4 Limit Extraction

The number of signal and background events are extracted using an extended unbinned likeli-
hood fit. For the low-mass analysis, the fit is performed on the m., spectra built for the six
low-mass my points (m4 = 220, 240, 260, 300, 340 and 350 GeV). In the high-mass region, a
simultaneous fit on the signal and the control region m'{° spectra is performed in four windows
around m4 = 400, 500, 800 and 1000 GeV.

The only systematic uncertainty included in this study is the uncertainty on the integrated
luminosity of the dataset. The absolute luminosity scale is derived from beam-separation scans
performed in November 2012. The uncertainty on the integrated luminosity is £1.9% [92].

The expected limit is extracted based on the test statistics g, defined as>

L(uﬁ) cron
— - <
=3 oGy Thsw (6.5)

0, otherwise

3The test statistics used here is different to the one defined in Section 5.4. In the asymptotic approximation,
the two test statistics are equivalent [78].
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Figure 6.16: Four-body scaled invariant mass m{“ from signal Monte Carlo events generated for
ma = 400, 500, 800 and 1000 GeV. The spectrum is fitted with a Crystal Ball plus a Gaussian

(dotted line).

where the signal strength p is defined as the ratio of a given value of the product of the
production cross-section times the A — Zh decay branching ratio (g9 — A) x BR(A — Zh)
over the value predicted in the 2HDM model (assuming Type-I 2HDM with sin (5 — ) = 0.9998
and tan 8 = 1). € includes the slope of the exponential background as well as systematic effects.

Upper limits at 95% confidence level are estimated using the C'Lgs technique [79]. Only
expected limits are derived in this note. They are computed using Asimov datasets [78].
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Figure 6.17: Four-body scaled invariant mass m;° in the control region within a window around

the tested mass hypotheses of m 4 = 400, 500, 800 and 1000 GeV. The spectrum is fitted with
an exponential.

6.4 Results

Figure 6.18 shows the 95% CL expected limits on o(g9 — A) x BR(A — Zh) for the ten mass
points already listed above: ma =220, 240, 260, 300, 340, 350, 400, 500, 800 and 1000 GeV.
The values are reported in Table 6.5. We assume here that BR(h — ) = 2.28 x 1073. For
the Z — jj decay, the experimental value of the branching fraction is used: BR(Z — jj) =
(69.911 £ 0.056%) [93]. In Figure 6.19, the expected limit obtained in other search channels
in ATLAS using 2012 data is also shown overlaid. The expected limit in jjvyvy channel is
competitive with [l77 especially at higher mass. However, the sensitivity of [lbb analysis is
much better.
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Figure 6.18: Expected limits on (99 — A) x BR(A — Zh). The limits are extracted for ten
mass points: m4 = 220,240,260, 300, 340, 350,400,500, 800 and 1000 GeV. The black dashed
line represents a simple linear interpolation between two neighbouring points. The green and
yellow bands indicate the +£10 and +20 uncertainties on the limits.
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Figure 6.19: Expected limits on (99 — A) x BR(A — Zh). The limits are extracted for ten
mass points: m 4 = 220,240,260, 300,340, 350,400, 500,800 and 1000 GeV. The black dashed
line represents a simple linear interpolation between two neighbouring points. The green and
yellow bands indicate the +10 and 420 uncertainties on the limits. Expected limit obtained in
other search channels (blue for li77 and purple for Il/vvbb) are also shown for comparison.

107



Chapter 6. Search for a CP-odd Higgs Boson A Decaying to Zh with a jjyy Final State at
Vs =8 TeV

ma [GeV] limit [pb] =410 [pb] =20 [pb]

220 6.3 4.6-9.0 3.4-12.4
240 5.4 3.9-7.6 2.9-10.6
260 5.2 3.8-74 2.8-10.3
300 4.6 3.3-6.6 2.5-9.2
340 2.7 1.9-3.8 1.4-5.4
350 24 1.7-3.4 1.3-4.9
400 1.2 0.9-1.8 0.7-2.8
500 0.6 0.5-1.0 0.3-1.6
800 0.5 0.4-0.8 0.3-1.2
1000 0.6 0.4-0.9 0.3-1.4

Table 6.5: Expected limits on o(gg — A) x BR(A — Zh) estimated for ten values of my4. The
last two columns give the 10 and £20 uncertainty ranges.

a2 0.5 COHCIUSiOH

a3 The sensitivity study of a search for a pseudoscalar A in the decay to Zh, with a jjy~ final
244 state is presented. The study is performed on 20.3 fb~! of pp collision data at /s = 8 TeV
2145 as background estimation. The analysis is blinded and the expected sensitivity is given by the
aus  expected 95% CL limits on the production cross-section times branching ratio of A — Zh.
a7 Comparing the expected limits to those published by ATLAS in other final states, the analysis
aus is found to be competitive with the [[77 final state but less sensitive to searches with bb final
2149 states.
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Chapter 7

Large-Width Resonance Shape
Studies for High Mass Diphoton
Resonances Search

In this chapter, the choice of the signal model to be used in the high mass diphoton analysis as
well as the parameterisation of the large-width theoretical line shape is presented. In Run 1,
the search was limited to a narrow-width signal where the natural width is negligible compared
to the detector resolution. Since certain models predict resonances with widths larger than the
mass resolution, an improvement made in the analysis for Run 2 is to extend the search to
include large widths. In the case of a narrow-width resonance, the signal shape is dominated
by detector resolution. On the contrary, the line shape of a large-width signal is dependent on
the model assumption being made, therefore requires more care.

I have studied the line shape of a high mass resonance in the Monte Carlo simulation under
several model assumptions. I then developed the parameterisation of the theoretical line shape
based on the cross-section computation in the Monte Carlo generators. This gives an analytical
line shape for any reasonable resonance mass and width that is then used in the analysis.
The parameterisation of the theoretical line shape is checked and validated with simulated
samples. New particles decaying to two photons can have spin 0 or spin 2. The resonance
shape is studied in the Higgs-like model (spin-0), a scalar singlet model (spin-0) and a Randall-
Sundrum graviton model (spin-2). Comparisons of the different approaches to large-width signal
generation in various Monte Carlo generators are also made. In these studies, interference with
the continuum background is neglected.

Section 7.1 outlines the determination of the theoretical line shape of a resonance. The
generation of large-width heavy Higgs-like resonances using the POWHEG generator and its
drawbacks are explained in Section 7.2. Section 7.3 then describes the alternative scalar singlet
model. The impact of the interference between the spin-0 resonance and the continuum back-
ground on the resonance shape is next discussed in Section 7.4. Finally, the parameterisation
of the line shape of a spin-2 resonance using the Randall-Sundrum graviton model is presented
in Section 7.5.

7.1 Theoretical Line Shape of a Resonance

The line shape of a resonance X is given by the invariant mass distribution of its decay products,
i.e. the diphoton invariant mass in this case. This in turn is generated by the differential cross-
section do/dm~,. In the analysis, only the gg — X — 7 process is considered for the spin-0
resonance search, while both gg — X — v and ¢qG — X — 77y processes are taken into account
for the spin-2 search. Both processes are collectively denoted it — X — ~ where ii refers to
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Search

gg and qq.

7.1.1 Differential Cross-section

The differential cross-section for a two-to-two process in the centre-of-mass frame at a particular

energy Vs is

do 1 |k

= A%,
dQcy 64725 |k1]| |

L .
il = 2\/5\/52 —2(m +my)s + (mf, —my)?,

1 - N
k1| = 2\F\/52 — 2(m% +mg)s + (m% —mg)?,
3

(7.1)
(7.2)

(7.3)

where k1 and ko are the four-momenta of the two incoming particles, k] and k are the four-
momenta of the two outgoing particles, dQ)cn is the differential solid angle in the centre-of-mass

frame and A is the matrix element. "
1

For gg -+ X — 77, both incoming and outgoing particles are massless, so T

= 1. In the

qq — X — 7y process, although the quarks are not massless, in the high energy limit § is much

greater than the mass of a quark and I:—i‘ R~

The differential cross-section can then be simplified as
do 1
dQcyv 64723

A=

(7.4)

The above differential cross-section is for a single event at a particular energy v/3. In the
context of proton-proton collisions at the LHC, this is equal to the squared centre-of-mass energy
in a given collision. In each collision, each value of v/3 is weighted by the parton luminosity L.

The parton luminosity is defined in terms of the parton distribution functions f(z, §), given

below for gg and qq:
R 1 [ldx N R
L) = [ a9,

1 T
La® = [ e ar/8) + Sl 8 (2. 9)

q:d7u787c7b

(7.5)

(7.6)

where z is the momentum fraction carried by the parton, /s is the centre-of-mass energy

of the hadronic collision and 7 = §/s .
The differential cross-section thus becomes

do 1
— | dif(3)— | A2
dQcn / L) g AT

o 1
do = / d3L(3) 5 47r2§|,4|2dQCM.

(7.7)

(7.8)

From this point, the terms that do not depend on § shall be dropped in order to simplify
the differential cross-section expression. The signal amplitude A of the it — X — ~+ resonant

process can be expressed as
A = ;i x(8)A(8, mx)ax—syy(5),

where my is the mass of the resonance and A(S, my) is the propagator.
Finally, the differential cross-section is written as

fpray A (A .
do x /ds[,(s)§|aii%X(S)A(s,mX)aXHW(S)P.

110
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7.1. Theoretical Line Shape of a Resonance

7.1.2 Resummed Propagator

The leading order propagator

A, mx) =1/(5 —m%) (7.11)

gives divergent results for the cross-section at § = mx. This is clearly unphysical so higher
order effects in perturbation theory must be included.

The correction to the propagator from the sum of all diagrams that are one-particle irre-
ducible (1PI), i.e. diagrams which are still connected after an internal line is cut, as shown in
Figure 7.1, is computed.

_ A A
B i O O iy

Figure 7.1: Sum of one-particle irreducible (1PI) diagrams with two external lines.

This corresponds to the following geometric series:

1 1 1 1 1 1
—¥2(3 —2(8) —— (—%%(3
.§—m2+.§—m2( (S))é—m2+§—m2( (S))é—m2( (S))é—mQJr
1
5 —m243¥2(3) (7.12)

1
T 53— mZ+ Re(X2(3)) + ilm(22(3))

where ¥(§) is the self-energy.

The resummation of self energies includes only a subset of higher order diagrams, but neglects
other contributions of the same order. This leads to inconsistencies such as violations of gauge
invariance, which holds order by order in perturbation theory.

In the resummed propagator above, the pole mass (the real part of the pole of the propagator)
is shifted to m? — Re(X?). In the on-shell scheme, the width is defined as

1
'y = —Im(X%?). 7.13
X = m(%°) (7.13)

The optical theorem [94] relates the imaginary part of the forward scattering amplitude to
the amplitudes for all possible final states f:

ImA(X — X) Z/dHﬂA (X = )7 (7.14)

where the integration is performed over II;, the phase space of f.
The left-hand side of the equation can be replaced by the imaginary part of the self-energy,
therefore

1
2y 2
Im(¥%) = B E /dHf|.A(X—>f)| ) (7.15)
f
and the decay width is

= o Z/dnfm (X = )% (7.16)
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Finally, the resummed propagator in the on-shell scheme reads

7

A5, mx) = (7.17)

s — m§( +imxITx
The familiar relativistic Breit-Wigner (BW) function can be obtained from the propagator
squared:

1

A8, mx)]? = — .
|A( x)| (8 —m%)? +m3T%

(7.18)

7.1.3 On-shell Calculations

In the approach used by many generators, the computation of cross-sections is done on-shell
(V3 = mx) and in the narrow-width approximation (I'y = 0). The constraint of § equal to
mx by is imposed by introducing a term 6(8 — m%):

do(3=mx) = /d§ do(8)6(5 —m%). (7.19)

Replacing do(8§) from Eq. 7.10, the differential cross-section becomes

do(8 =mx) o /d§£(§);|aii_>X(§)aX_>W(§)|25(§ —m%). (7.20)

In this approximation, the propagator is replaced by a -function and the integration over
the virtuality § vanishes.

The effect of a non-zero width on the line shape is implemented a posteriori by replacing
the § function in the above equation by a Breit-Wigner function. The on-shell approximation
effectively factorises the propagator from the equation, enabling the signal cross-section to be
described as a separate product of production, BW and decay terms. A BW function is a good
approximation of the resonance shape only if the particle’s decay width is roughly constant over
the width of the resonance. This applies well to narrow resonances but in general, the decay
width varies as a function of v/5. Even if the resonance has roughly constant decay branching
ratios, the width can vary according to the evolution of the phase space (see Eq. 7.16). In
addition, the opening of new decay channels also introduce an additional dependence of the
width on /3.

Only full off-shell calculations of i4 — X — <~ can provide a correct description of a
wide resonance. However, since such calculations are not always available, modified forms of
propagators have been proposed to be used in on-shell calculation to mimic the full calculations.

The first is the relativistic BW:

erX 1

) 7.21
P P RN (7.21)

Other forms of propagator aim to improve on the simple relativistic BW by including effects
of the non-constant width. They are given below:

1 s0x /mx
m (§ — m?X)Q + (§FX/mx)2,
1 \/EFX—W'y(g)

5(5 — m3 = 7.23

(7.22)

where I'x_,,, is the partial decay width of the resonance X to the diphoton final state.
Eq. 7.22 is a refinement of Eq. 7.21 as it introduces an §-dependent width through the
substitution of I'y — FX§/m§(. This is the running-width scheme used by the POwWHEG
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7.2. Large-Width Higgs-like Resonance Models

generator.! Eq. 7.23 contains a virtuality-dependent partial width to the decay channel being
probed. This is the prescription used by the MC@QNLO generator [95].

7.2 Large-Width Higgs-like Resonance Models

For a scalar resonance, the most straightforward model is to assume a SM-like Higgs with high
mass since the Higgs is the only known scalar particle. In the SM, the width of the Higgs boson
is determined by its mass. To keep the search generic, the large-width model being studied here
is not restricted to the value of a heavy Higgs width in the SM. To simulate the heavy Higgs
boson process, the POWHEG generator is used as it provides NLO accuracy in QCD and has
been used for the SM Higgs processes. The MC@QNLO implementation of a heavy Higgs is also
discussed here.

The line shape of a large-width resonance can be described by substituting the general form
of Eq. 7.20 with the relevant propagator. In the POWHEG and MC@QNLO prescriptions, only
the squared matrix element of the production is needed, while the decay part is absorbed into
the propagator.

A review of the line shape of a heavy Higgs boson is given in Section 7.2.1. Section 7.2.2 de-
scribes the details in generating the line shape for a Higgs-like resonance as implemented by the
PowHEG generator. An alternative prescription using a different propagator from MCQNLO
prescription is described next in Section 7.2.3.

7.2.1 Review of Heavy Higgs Line Shape

Prior to the discovery of a Higgs boson at 125 GeV, some studies had been made on the line
shape of a heavy Higgs boson, which would have a large width. This is discussed in Ref. [96].
In the following, some remarks and observations on the line shape based on these studies are
given.

The running-width Breit-Wigner (Eq. 7.22) was found to describe well the Z boson line
shape, for which the $-dependent width term was suggested by the phase-space and the structure
of the electroweak radiative corrections within the SM [97]. Nevertheless, the running-width
BW cannot be derived from quantum field theory and hence is not justifiable [98]. In addition,
the decay width depends linearly on § for the Z boson but not for the Higgs [99]. Therefore,
Eq. 7.22 is ill-suited to describe a heavy Higgs.

A SM Higgs with a mass above 135 GeV has a higher decay width to four fermions than
to two b-quarks. This implies that in terms of the imaginary part of the Higgs self energy,
three-loop diagrams are as important as one-loop diagrams [96]. In the on-shell renormalisation
scheme, the perturbation theory is shown to diverge at about 1 TeV [100]. Hence, the on-shell
treatment of a heavy Higgs is inadequate.

A proper treatment of the Higgs complex pole is introduced, called the complex-pole scheme
(CPS) [96,101]. In the CPS, the denominator of the propagator is § — sy where sy is the Higgs
complex pole, parameterised as

SH = Uy — ILHYH- (7.24)

Performing the following transformation,

72 — J—
MYy = pyr + i, paln = My, (7.25)
the Higgs propagator becomes

=2
1 T 1
= <1+i g) - (7.26)

& =7 ~ -2 . T
8§ —sH My ) 58— My +itts
H

'by setting bwshape=1.
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Hence, the complex-pole scheme is equivalent to introducing a running width in the propa-
gator with parameters that are not the on-shell ones. The complex pole is gauge-independent
to all orders of perturbation theory. In the CPS, the production, propagator and decay terms
should be calculated using the complex pole but such calculations are difficult. Instead, the
more pragmatic approach of using only the Higgs propagator with its complex pole but not the
production and decay terms is usually implemented.? This was developed for the search for a
high mass Higgs and has also been used to study the off-shell Higgs event yield in the h — ZZ*
and h — WW?* channels in ATLAS [102] and CMS [103].

The running-width BW in Eq. 7.22 is able to describe the line shape of a heavy Higgs boson
up to mg ~ 300 — 400 GeV [104]. For mpy > 400 GeV, the CPS provides a more accurate
description. However, the drawback of CPS is that it can only be used for a heavy Higgs with
SM width, i.e. the width is determined by the value of the mass (see Figure 7.2). To remain
agnostic about new physics, no assumption on a value of the resonance width is made in the
analysis but rather it is a free parameter.

1000 T T T T T T T

10

0.1

0.01 |

0.001 | | 1 1 1 | 1
100 130 160 200 300 500 700 1000

ﬂi}{ [(16\'}

Figure 7.2: The SM Higgs boson total decay width as a function of the Higgs mass my [14].
The width of SM Higgs increases rapidly with its mass. For a 400 GeV Higgs boson, its width
is 29 GeV, and for a 1 TeV Higgs, its width is as high as 647 GeV.

7.2.2 Heavy Higgs Line Shape in PowHeg

Higgs boson production via gluon fusion (ggH) is simulated at next-to-leading-order (NLO)
accuracy in QCD using the POWHEG Box [105] generator, with the CT10 parton distribution
function (PDF) for a narrow-width signal and for large widths up to 10% of the resonance mass.
The choice of generator was motivated by the SM Higgs analysis [106].

The total cross-section of the production of a Higgs-like resonance through gluon-gluon
fusion as implemented in POWHEG [105] is

Otot =0 + ZUqu; (7.27)
q

where o5 includes the contributions from the leading order gg — H production and the NLO
subprocesses g9 — Hg, q9 — Hq, gq — Hq, while og_, corresponds to the NLO corrections
from the subprocess ¢q¢ — Hg.

Showing only the leading contribution from gg — H process, o5 is given by

>This is known as the OFFP-scheme [96].
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OB :/[ngﬁgg] 2?%5
where s is the squared center-of-mass energy of the hadronic collider; Y is the rapidity of the
resonance X; By, is the squared matrix element of the Born contribution to the gg — H process
while Ly, is the gluon-gluon luminosity. In the equation, the on-shell approximation is used
and the effect of large width is implemented by replacing the §-function with the BW in the
PowHEG implementation, i.e. Eq. 7.22 that has an s-dependent width.

The LO differential cross-section for a non-zero width Higgs-like resonance is implemented
in POowHEG as®

(5 — m3)dsdy, (7.28)

dopowHec
ds

where fpy is a Breit-Wigner function (in this case, Eq. 7.22).

The line shape generated is the same across all final states since By, is the squared matrix
element of only the production process and the decay terms are described by the BW function
regardless of the final decay products.

Since § is measured by the squared of the invariant mass of the final states of the resonance,

'2%/ and ds = 2m.,dm. The differential cross-section can thus be written as

x Bgg - Lgg - fBW, (7.29)

S=m

dopowtec

dm.., X Bgg - Lgg - [BW - Myy. (7.30)

The squared matrix element of the production process B4 is given by [105]
2

2 Gps |3
B = 35073 [2 2. 01+ (1= @G0l (7:31)

where 79 = Zlmz2 /8 and the sum runs over the heavy quarks with mass mg circulating in the
gluon-gluon fusion production loop. The function f is

2 _1

arcsin 0 >1
Ve Q="

@) =1 /a1 (7.32)
—7 l()gg ii:“‘i?f:j;ggj — T 7ZQ < 1.

In the implementation, only the contribution from the top quark is retained.

Figure 7.3 shows the parton luminosities obtained with the CT10 PDF set [107], which is
used to produce the POWHEG MC samples. APFEL Web [108, 109] is used to produce the
distribution of parton luminosities, given a PDF set. The gluon-gluon luminosity, like the
other parton luminosities, falls as a function of mass, resulting in higher cross-sections at lower
V/é than at higher v/3. This leads to a deformation of the invariant mass distributions. The
gluon-gluon luminosity distribution in Figure 7.3 is parameterised with an analytical function.

The true invariant mass distributions from the POWHEG MC samples are compared to the
line shapes given by Eq. 7.30 for all the mass and width values where MC samples are available.
The comparison for mx = 400,1500 GeV with I'x/mx = 5,10% are shown as examples in
Figures 7.4 and 7.5. In these and following figures showing the true m,, distributions in MC,
the diphoton events at the truth level are required to originate from the resonance. The samples
used to study the signal shape have a pre-selection applied on the reconstructed photon candi-
dates, where they are required to have pr > 25 GeV, be within the calorimeter pseudorapidity
acceptance and pass loose photon identification requirements.

®In the PoWHEG implementation, the terms +|aii—x (8)ax—~~(8)|?6(3 — m%X) in Eq. 7.20 become Byg faw .
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Figure 7.3: The parton luminosities as a function of v/3 obtained with the CT10 PDF.

Very good agreement is found between the line shapes given by Eq. 7.30 and the m.
distributions in MC even though only the LO gluon-gluon initiated process is taken into account
in modelling the line shape. Other corrections (99 — Hg, g9 — Hq, gq — Hgq, etc.) present in
the Monte Carlo are found to be insubstantial in changing the line shape.
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Figure 7.4: True m. distributions of the resonance with mx = 400 GeV and width of (a) 5%
and (b) 10% of mx. The dashed red line represents the parameterisation of the gluon-gluon
luminosity Lg4; the dashed green line represents Byym.~; the dashed blue line is the running-
width BW distribution with the same mass and width as generated in the sample. The product
of these three is represented by the solid blue line and agrees well with the true invariant mass
distribution generated with POWHEG, shown with black markers.

7.2.3 Problems and Alternatives

Figure 7.5 shows only the signal mass distribution in a restricted mass range around the mass
peak. Checking the mass distributions over an extended mass range, one finds that the signal
yield is enhanced around 400 GeV, creating a secondary bump in the signal mass distribution
away from the resonance mass.* This is illustrated for my = 1500 GeV and width of 150 GeV
(10% mx) in Figure 7.6. This bump is very prominent for large resonance mass and increases
in size with the resonance width. The origin of the secondary bump is tracked to the squared

“At the analysis-level, the reconstructed m.. distribution also shows a similar bump after the kinematic
selection cuts have been applied.
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Figure 7.5: True m., distributions of the resonance with mx = 1500 GeV and width of (a) 5%
and (b) 10% of mx. The dashed red line represents the parameterisation of the gluon-gluon
luminosity Lg4; the dashed green line represents Byym.~; the dashed blue line is the running-
width BW distribution with the same mass and width as generated in the sample. The product
of these three is represented by the solid blue line and agrees well with the true invariant mass
distribution generated with POWHEG, shown with black markers.

matrix element of the production process, as shown in Figure 7.7 where only the top quark
contribution is taken into account.
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Figure 7.6: The true m., distribution of the resonance with mx = 1500 GeV and width of

150 GeV (10% mx) showing also the off-shell region. A prominent bump is seen at around
My ~ 400 GeV.

This problem was also noticed in another analysis in ATLAS searching for high mass res-
onance decaying to a pair of W bosons. A full (off-shell) calculation of the cross-section was
performed, i.e. without assuming narrow width in the first step. Therefore, the full com-
putation does not require the choice, a posteriori, of an ad-hoc propagator. This study was
done assuming the resonance has properties similar to a SM Higgs, albeit with a higher mass,
such that I'x_,jyw has the same S-dependence as the SM Higgs. The resulting line shape was
compared to the on-shell computation using the POWHEG (with propagator in Eq. 7.22) and
the MCQNLO (with propagator in Eq. 7.23) prescriptions. The MCQNLO prescription is
found to reproduce well the line shape from the full calculation. They both exhibit a secondary
mass bump around ~ 400 GeV, but much less pronounced than the results obtained with the
running-width propagator as it includes the evolution of the partial width T'(X — WW) with
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Figure 7.7: The squared matrix element of the gluon-gluon production process B, as a function
of v/§, assuming only top quarks in the loop. The mass of the top is set to 173 GeV.

the virtuality.

The full calculation for this process as well as for the ZZ final state is available in
MG5_AMC@NLO. However, performing full calculation for the ~~ final state proves to be
more difficult due to the loop-induced decay of the Higgs to two photons (see Chapter 1). In
fact, it is this loop process that poses yet another problem. Assuming the resonance has cou-
plings like a SM Higgs to other particles, its decay to two photons proceeds via a loop process
including W and top contributions. The contribution of the W boson loop interferes destruc-
tively with the quark loop and the two contributions nearly cancel each other for a resonance
mass of about 640 GeV. This is demonstrated in the partial width for the decay X — vy as a
function of myx in Figure 7.8.

T
1)
1Y
1

100 | s

F \ .'. -
F full amplitude —— \ ]

r with ¢t/W-loops \ | ]
with m; — 00 ==---- \ | ]

1 i i i I ' i i i
100 1000
A IH [GP\Y]

Figure 7.8: The partial width for the decay X — ~7v as a function of mx, assuming X has
SM Higgs couplings to the W boson and the top quark. In this figure, the resonance X is
actually the SM boson Higgs denoted H. The solid line shows the partial width with the W
and all third generation fermion contributions, the dashed green line shows the partial width
with W and only the top quark contribution, and the dotted blue line with the W and top
quark contributions for m; — oo [14].

Figure 7.9 shows the shape of the m., invariant mass distribution as described by Eq. 7.30,
where the term fpyw is taken from Eq. 7.21, 7.22 or 7.23. The mass and width are set to

mx = 1.5 TeV and 'y /mx = 10%. While the three curves agree reasonably well around the
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peak, significant differences in the low mass part of the spectrum are observed for all three
assumptions. Using fpw from Eq. 7.21 assumes the width stays constant with § which is
unrealistic, especially for a wide resonance. For Eq. 7.23, the dependence of I'x — ~y on § is
assumed to be identical as the one of the SM Higgs as shown in Figure 7.8, which includes a
dip around 640 GeV from the destructive interference between the W and the top loop-induced
contributions to the decay. This reduces the size of the 400 GeV bump in the diphoton invariant
mass distribution, but creating a dip near 640 GeV in the process.

It is clear from Eq. 7.23 and the expression in Eq. 7.10 that the X line shape does depend
on the final state. Unlike the case of the WW final state where the assumption of tree-level
SM Higgs-like coupling leads to a mild distortion of the line shape, one gets a large distortion
in the decay to vvy. It is interesting to note that in this assumption, for myx ~ 640 GeV, the
resonance peak is shifted and distorted by a huge amount, as shown in Fig. 7.10.

1072

M 1 IIHIM__i;

107
M,:1500 GeV, I',: 10 % M

x 3

107

108 L M R T . .
1500 2000 2500 3000

500 1000
Figure 7.9: The line shape of the true m., distribution for a resonance with mass mx = 1.5 TeV
and I'xy = 10% mx with different fgy terms. The line shape with BW form taken from Eq. 7.21,
7.22 and 7.23 are shown in dashed blue line, solid violet line and solid red line respectively.

Vertical dashed lines are drawn at mx 4 2I'x.
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Figure 7.10: The line shape of the true m,, distribution for a resonance with mass myx =
640 GeV and I'y = 15% mx with fpw taken from Eq. 7.23 and assuming SM Higgs-like coupling
is shown in red. In this assumption, the expected peak at mx = 640 GeV completely disappears
and shifts to a much smaller value. The line shape obtained using POWHEG prescription
(Eq. 7.22) is shown in violet for comparison.

Figure 7.11 shows, in the dotted green line, how the theoretical line shape of a heavy Higgs
decaying in the WW final state would look by substituting the H — v partial width for that
of H— WW [14] using the MC@NLO prescription (Eq. 7.23). The theoretical line shape with
the H — ~ partial width (Eq. 7.23) as well as that from POWHEG model (Eq. 7.22) are shown
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in red and violet line respectively for comparison.
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Figure 7.11: Using the BW form in Eq. 7.23, the theoretical line shape of a 1.5 TeV resonance
with 150 GeV width decaying to WW final state (plotted in dashed green line) is compared to
that of vy final state (shown in solid red line), assuming the resonance has couplings similar to
the SM Higgs. The theoretical line shape of a resonance with the same mass and width using
POWHEG prescription which is independent of the final state is plotted with the violet line.

The off-shell calculation for the X — ~ decay was not available in MG5_AMCQNLO at
the time of this study. However, it would likely lead to the same behaviour of the line shape
since the dip is not an artefact but reflects a specific assumption on the decay model. One can
slightly modify the assumption by turning off the destructive interference in the decay loop with
the top mass set to an arbitrarily high value. By doing so, one restores a smooth behaviour.
However, this corresponds to a very specific and unmotivated physics model where the gluon-
gluon fusion production proceeds via 173 GeV top quark loop but the decay to diphoton is
mediated by W boson and much higher mass fermion loops.?

For the search of a high mass resonance decaying to vy~ in the 2015 data, the POWHEG model
is used as the baseline. However, in order to avoid potential effects from the off-shell region,
the analysis was restricted to the resonance peak region. A mass window around the peak was
therefore included in the definition of the fiducial volume (see Section 8.5.2). To determine the
mass window, the line shape with the propagator given by Eq. 7.23, with the top mass set to
1 TeV, was used as an alternative description. A window of £2I'x was ultimately chosen as
it contains a large part of the resonance and is insensitive to the off-shell region particularly
where the secondary bump becomes prominent.

7.3 Large-Width Scalar Singlet Model

For the 2016 ICHEP analysis and beyond, the POWHEG Higgs-like signal model has been
replaced by an effective field theory (EFT) approach in the Higgs Characterisation model [110],
at next-to-leading order in QCD using MG5_AMCQ@NLO generator. This approach is at least
partly generic, since the effective operators at low energies can resolve to a variety of BSM
physics scenarios once the cut off scale for the theory is reached (including loops with extra
fermions or scalars). At low energies, this new physics is integrated out, and thus one does
not need to make explicit assumptions about what the high scale physics is. Furthermore, by
operating at NLO in QCD, the benefit of an excellent jet radiation model is retained as is the
case with the POWHEG generator.

50One could also assume very high mass fermion loops in both production and decay processes. This leads to
a line shape that is similar to the EFT approach explained in next Section (see Appendix B for derivation).
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7.3.1 The Higgs Characterisation Model

The Higgs Characterisation model was developed to study the properties of the newly discovered
125 GeV boson. To study the spin and C P properties of this boson, the model uses a FEYNRULES
[111] implementation of an effective Lagrangian that consist of SM terms (except for the Higgs
particle) and a new bosonic state that can couple to SM particles. In the model, the bosonic
state could correspond to the SM Higgs with spin-0 and C P-even, or a BSM boson.

Thus, the same theory can be repurposed to apply to a generic new scalar resonance with new
physics appearing in loop diagrams at energies higher than the cutoff scale. This corresponds
to introducing a scalar that is a singlet under the SM gauge group, which is one of the simplest
extensions to the SM. Effective operators are used to model the scalar singlet interactions with
SM particles.

The effective Lagrangian for scalar interactions with SM gauge fields is written as [110]:

1 _
»Cg = {CoﬁSM |:§QHZZ ZNZ'M + guww W:_W u}

v Auv
CQ’K/H'y’ng'y’y AMVAM + SaK/A'y’ygA'y'y AIU,VAM ]

—

v Auv
CaRpzy9uz~ Z,UJ/A,LL + SakazGazy Z,U,VAM ]

—

a a,uv a a,uv
CaRuggJHgy G,uVG . +Sa’€AgggAgg G,uVG M]

[CQKHZZ Z;WZMV + Sakazz Z;WZ“V]

+ 17— + 17—
[canHWW W, W Y+ sakaww w, W ’“’]

R A R N Nl A R e

i

Co [HHa’Y ZyauAuV -+ Ryoaz Z,/aMZ“V —+ (/iHBW Wjauwi'uy + hc)] }XQ 5 (733)

where gx,, is the strength of the coupling of a scalar (X = H) or pseudoscalar (X = A)
boson to the SM bosons (y,y" = Z,W,~,g) in the SM and kx,,/ is the dimensionless coupling
parameter.

The (reduced) field strength tensors are defined as

Viw =0V, — 0,V (V = A, Z,W¥), (7.34)
GZV = aMGg - auGZ + gsfachZGzcn (735)
and the dual tensor is
~ 1 oo
V/U/ = ie,uupav . (736)

The Lagrangian introduces scalar-SM interactions via dimension-5 operators, with both C'P-
even and C' P-odd interactions included. The parameters ¢, and s, are the cosine and sine of a
mixing angle that parameterises the ratio of the C' P-even and C'P-odd contributions. Given the
lack of sensitivity to the C'P properties of a new resonance, the model is simplified by turning
off C' P-odd terms through setting c,=1.

The process of a gluon-gluon fusion produced scalar decaying to two photons is described
by the effective dimension-5 operators® in the terms

5Operators like G, G" X, are gauge invariant (under the SM gauge group) since Gy, G**” is already a
gauge invariant operator in the SM and the X, does not transform under these gauge transformations.
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1
- Z [caﬁH'y'ng'w AMVA#VXO] (737)

and )
~1 [caﬁHgggHgg GZVGQ’“VXQ. (7.38)

The Feynman diagram for this process is shown in Figure 7.12.

Figure 7.12: Feynman diagram of the process of gluon-gluon fusion produced scalar decaying
to two photons with effective gg X and X~y vertices.

The total width of the resonance is computed from all its possible decay processes. However,
in the analysis, no assumption on the width is made in order to be model-independent. Instead,
a range of width values are generated by setting the width to a given value. Contributions from
the decay of the scalar to other particles are hence not relevant. To simplify the model, only
the terms that lead to a scalar decaying to photons produced via gluon fusion (7.37 and 7.38)
are turned on. Other terms as well as scalar interactions with fermions are set to zero. Since
the width is fixed in the generation, the absolute value of the cutoff scale and the coefficients
do not affect the line shape, but only the overall normalisation, which is not required in the
analysis.

Samples are generated with the NNPDF 3.0 NLO [112] PDF, using the A14 tune of PYTHIAS
for the parton shower. Range of signal mass between 200 GeV and 2400 GeV with narrow
(4.2 MeV) to large (< 15%mx) widths are simulated. Ultimately, widths up to only 10% of
the resonance mass are considered.

7.3.2 Parameterisation of the Line Shape

Although the on-shell computation such as the one implemented in POWHEG is only an ap-
proximation, it allows the line shape for any reasonable resonance mass and width values to
be described by simple functions. This requires fewer MC samples to be generated for signal
modelling purposes and the line shape can be implemented directly in the statistical model.
In this spirit, an attempt to parameterise the line shape from MG5_AMCQNLO in a similar
fashion is carried out.

In the MG5_AMCQ@NLO generator, the relativistic Breit-Wigner distribution as shown in
Eq. 7.21 is used. Substituting the propagator in Eq. 7.10, the differential cross-section (in §)
for the gg — X — ~ process can be written as
1|agg—>X(§)|2|aX—>w(§)|2
S (§ — m?X)2 + (mxrx)2 '

doprr o / d5L4(3) (7.39)

Using CALCHEP [113] and MATHEMATICA, one can compute the squared of the amplitude
A defined from the effective Lagrangian:
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§4

% =3
Replacing the leading-order propagator in CALCHEP by the relativistic Breit-Wigner dis-

tribution and relating the squared matrix element to the terms |agg— x (3) 1%|a X—yy(8) |2 through

Eq. 7.9, we find that |agg—x(3)*|ax—-(8)|* = §%. Substituting this in Eq. 7.39, we obtain

A% o (7.40)

dogrr gt .
d§ XX Egg . E . fBW = ,ng . 83 . wa. (7.41)
Since m%7 = 5 (hence ds = 2m.,dm~,), the line shape can be parameterised as
doprr
dm-, o Lag - Moy (Myy)® - fow = Lyg - m% - fBw- (7.42)

Figure 7.13 shows the parton luminosities obtained with the NNPDF 3.0 NLO PDF set,
which is used to simulate the MC samples. In Figures 7.14, 7.15 and 7.16, the LO analytic
description of the line shape is compared to the truth distribution taken from the MC simula-
tion.” This confirms that the effect of NLO corrections does not distort the conclusion reached
with the LO derivation, as observed in the POWHEG Higgs-like model.

NNPDF3.0

------- éluon—GIuon
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----- %Jark-Quark
S = 1.30e+04 GeV

Generated with APFEL 2.4.0 Web

o
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I I
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Figure 7.13: The parton luminosities as a function of v/ obtained with the NNPDF 3.0 NLO

PDF. The APFEL Web is used to draw the luminosities [108,109].

The comparison of the theoretical line shape of the scalar singlet EFT to that of the pre-
viously used the POWHEG model is shown in Figure 7.17 under three mass hypotheses, all
with T'x = 10% mx. The secondary bump does not exist in this EFT implementation. The
asymmetry of the tail distribution is also changed. Previously in Figure 7.11, the line shape
using the POWHEG prescription, which does not take into account the decay width, shows an
enhanced tail on the left of the mass distribution and the mass peak is also lower with respect
to the generated mass. In the scalar singlet model, the production and decay squared matrix
elements, which increase rapidly with mass, compete with the falling gluon-gluon luminosity.
This results in a mass shape that is fairly symmetric for large resonance masses but with an
enhanced upper tail for low myx.

"The mass and width values being generated in the MG5_AMC@NLO samples are different to those of the
POwWHEG samples. Hence the examples being presented here do not have the same mass nor width as those in
Section 7.2.2.
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Figure 7.14: True m., distributions for a resonance with mx=400 GeV and width of 6%

(left) and 15% (right) of the mx value. In both plots, the dashed red line represents the
parameterisation of the gluon-gluon luminosity, the dashed green line is the functional form
mw, and the dashed blue line is the Breit-Wigner distribution with the same mass and width
as generated in the sample. The product of these three is represented by the solid purple line
and agrees well with the true invariant mass distribution generated with MG5_AMC@NLO,
shown with black dots.
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Figure 7.15: True m., distributions for a resonance with mx=750 GeV and width of 6%
(left) and 15% (right) of the mx value. In both plots, the dashed red line represents the
parameterisation of the gluon-gluon luminosity, the dashed green line is the functional form

W, and the dashed blue line is the Breit-Wigner distribution with the same mass and width
as generated in the sample. The product of these three is represented by the solid purple line
and agrees well with the true invariant mass distribution generated with MG5_AMCQ@NLO,
shown with black dots.
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Figure 7.16: True m,, distributions for a resonance with mx=1600 GeV and width of 6%
(left) and 15% (right) of the mx value. In both plots, the dashed red line represents the
parameterisation of the gluon-gluon luminosity, the dashed green line is the functional form
m%, and the dashed blue line is the Breit-Wigner distribution with the same mass and width
as generated in the sample. The product of these three is represented by the solid purple line
and agrees well with the true invariant mass distribution generated with MG5_AMCQ@NLO,
shown with black dots.
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Figure 7.17: Comparison of the theoretical line shape of a Higgs-like model using POWHEG
prescription (violet line) and that of a scalar singlet using MG5_AMC@NLO (red line) under
three mass hypotheses: (a) 400 GeV, (b) 750 GeV and (c) 1500 GeV. The resonance widths in
these plots are 10% of the myx value.
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Search

7.4 Impact of Interference between the Spin-0 Resonance and

Continuum on the Line Shape

Continuum SM background and resonant processes with the same initial and final states can
interfere with each other. In fact, in the presence of interference, signal and background do not
have a physical meaning. Figure 7.18 shows the Feynman diagrams of the interfering continuum
background and resonance signal produced via gluon-gluon fusion.

ITTUYYBN q"[? \f\pJ\fV
NI
Continuum

Signal

Figure 7.18: Representative Feynman diagrams of the interfering continuum background (left)
and a scalar resonance signal (right) in the gg — v+ process. In the EFT as presented in Section
7.3, the triangle loops in the signal process are replaced by effective vertices.

Here, we address the interference between the resonant process gg — X — ~~v and the
continuum gg — vy scattering process. The full gg — ~ amplitude is a sum of resonance and

continuum terms:

Agg—syy = Ares + Acont (7.43)

Writing the propagator explicitly, this becomes

Agy—wv =

and the squared amplitude is

Ares

a
|Agg—>7~/‘2 = < - =

s — m_2X +imxI'x

+ A ont s 7.44

§—m2x+imxl“x cont ( )

4(: ¢ a:es A* ) (7]5)
§—m2,_,—imxf‘x ¢

]ares|2 + Gres Al (8 — m%( —imxI'x) + alsAcont (S — mg( +imxTx)

A 2 _ + | Acont|%,
| Agg—s7l (5= m%)2 + m3T%, [Acont|
(7.46)
1A |2 _ |areS|2 + (8- m?}()(aresftzont + afegAcont) + imxT'x (—aresAtont + @fesAcont) +A ’2
g9 = (5 —mZ%)2 + m%T2 cont] -
X Xt x (7.47)
Finally, the differential cross-section of gg — 77 can be written as
R 1
dol9g —17) 5 [ d5Loy (Aul? + NI+ N3+ | Acon?). (7.45)
where the real and imaginary part of the interference terms are
Nt = DRl Aion ]G~ ) (7.49)

(5 —m%)? +miT%
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7.5. Randall-Sundrum Graviton Line Shape

2ares Aront)mx ' x

N = :
(5 —m3)? +miT%

int

(7.50)

Since N{¢ is proportional to (8 — m%), it does not contribute to the total cross-section
when one integrates over 5. However, it induces a peak-dip or dip-peak structure, distorting
the resonance shape, while the imaginary part interference either enhances or reduces the signal
rate [114].

In the analysis, the total cross-section is arbitrary since it is left floated in the fit. The
distortion of the resonance shape is of interest: depending on the model assumptions being
made on the resonance, the interference effect could be either small or could lead to significant
distortion of the resonance shape. The size of the interference is expected to increase with the
resonance width; however, it may not be negligible even in the narrow-width case.

Potential effects have been examined using a two-Higgs-doublet model (2HDM) in Ref. [115]
and [116]%. The interference effects of a purported 750 GeV signal under two benchmark models
(2HDM and singlet scalar) are also studied in Ref. [114] and [117].

The interference effect under a well motivated model may be included in the analysis in
the future. For the moment, interference is neglected and the width of the resonance being
considered is restricted to less than 10% of the resonance mass.

7.5 Randall-Sundrum Graviton Line Shape

In the search for spin-2 high mass resonance, the Randall-Sundrum (RS) graviton model [34]
is used as a benchmark. This entails the lightest Kaluza-Klein (KK) spin-2 graviton excitation
(G*) with a coupling k/Mpy, where Mpy is the reduced Planck scale (Mp; = Mp;/v/87) and k
the curvature scale of the extra dimension. The RS graviton couples to the energy momentum
tensor of the SM through a dimension-five operator.

PYTHIAS is used to generate the Randall-Sundrum (RS) graviton samples at different value
of the coupling k/Mpy, which changes the resonance width. The generation is performed at LO
using the NNPDF23LO PDF set. Only the effect of the first KK excitation is simulated.

In the Randall-Sundrum model, the partial decay widths of a graviton G* with mass mg=
to fermions, gluons or photons are [118]

I(G*— ff) =N, RS (1—4rp)32 (14 3 (7.51)
~ 320 / 3/ ) '
1253/2
IN(CH = .52
(G" = 99) = — (7.52)
and
(253/2
I(G* = 7.53
(" =97) = T (7.53)
where f is a fermion with mass m; and N. the number of colors, ry = m?c/mQG* and

K o k/Mpymg-.
At leading-order, a graviton can be produced by gg or ¢q initial state. From Eq. 7.20, one
can write the differential cross-section as

i / 457 [L4g(8)lagg6r ()acr s (3) + Lgg(3) agzr (3)agoy (8] - fow,  (7.54)

where fpy is the form used in PYTHIA:

8Both Type-I and Type-II 2HDM scenarios are explored in these studies.

127



2554

2555

2556

2557

2558

2559

2560

2561

2562

2563

2564

2565

2566

2567

2568

2569

2570

2571

2572

2573

2574

2575

2576

2577

2578

2579

2580

2581

2582

2583

2584

2585

2586

Chapter 7. Large-Width Resonance Shape Studies for High Mass Diphoton Resonances
Search

ma+L g+ 1
= - - ) 7.55
Tow T (8= mg.)? + (8Tgr /ma+)? (7:55)
and the Breit-Wigner width I'g+ can be related to the coupling k /Mpl by
T ~ 1.44(k/Mp))*me-. (7.56)
In PyTHIA, the cross-section of 74 — G* — v is computed as
D(G* = ii) - fpw - T(G" — 7). (7.57)
Associating the terms to Eq. 7.54, we obtain
|az‘z‘—>G*(§)aG*—>w(*§)|2 o &%, (7.58)
and
|agz—G+(8)ags sy (8)]* ox &% (7.59)

This has similar form to the squared matrix element of the scalar singlet model. Using the
same arguments, the RS graviton line shape can finally be written as

do grav

dm., X (Lgg+ - Lyg) - fBW - m;w (7.60)

where « is a constant that determines the contributions from the gg-induced production
relative to the gg-induced production. From the relative LO cross-section of gg — G* and
qq — G* processes in literature such as Ref. [118], the value of « is 2/3. However, by checking
the cross-section of the two processes from the output of PYTHIA, a value close to 3/2 is
obtained instead. Nevertheless, the line shape is barely affected by the choice of a, and the
value of o = 3/2 is chosen in the parameterisation of the line shape.

The simulated samples are generated with PYTHIA version 8.186. It was later found that
this version contains a bug in the q¢§ — G* cross-section that is subsequently fixed in version
8.212. In the gq§ — G* cross-section, an extra factor of 5/ m%;* was included which resulted in a
resonance shape with a much enhanced upper tail than it should.

7.6 Conclusion

The line shape of a large-width high mass resonance under several model assumptions as well
as using different MC generator approaches has been presented in this chapter. For spin-0
resonances, the Higgs-like model turns out to be unsatisfactory due to the specific behaviour
of the production as well as the decay processes when SM Higgs coupling of the resonance is
assumed. The nature of new physics is unknown, hence in such a search for new high mass
resonance, a model-independent approach is preferred. The scalar singlet EFT model is deemed
to be more generic. In addition, when 2015 data showed an excess around 750 GeV, many
theory papers attempting at explaining the origin of the excess were published and the scalar
singlet model with an EFT approach is used in many of them. The line shape of a RS graviton
is also presented, which is similar to the scalar singlet line shape except for the inclusion of
q@-initiated production mode.

In all cases, an analytical parameterisation was derived for the resonance line shape that will
be used to model the signal m.., shape in the analysis presented in the next chapters. Excellent
agreement is observed between the parameterisation and the true diphoton invariant mass dis-
tributions in the MC. This validates the use of the analytic expression to derive distributions
for parameter points that lie between the simulated mass and width values.
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Chapter 8

Search for Diphoton Resonances at

/s = 13 TeV with 3.2 b~ Recorded
in 2015

This chapter describes the analysis that searches for high mass diphoton resonances using /s =
13 TeV data recorded in 2015. The search was first presented in December 2015 at the End
Of the Year Event (EOYE) [119] at CERN, then updated at the 51st Rencontres de Moriond
on Electroweak Interactions and Unified Theories 2016 [120] and subsequently published in the
Journal of High Energy Physics (JHEP) [69].

Experimentally, new high mass states decaying into two photons provide a clean signature
in the diphoton invariant mass m.~ thanks to the excellent invariant mass resolution and the
smoothly falling background. Such a high mass state can be either spin-0 or spin-2 if it decays to
two photons.! The search is motivated by several models of new physics. Spin-0 resonances are
predicted by models with extended Higgs sectors [26-32]. Diphoton signals could also occur in
the decay of heavy spin-2 graviton resonances in models with extra dimensions such as Randall-
Sundrum (RS) model. In the analysis, two searches are performed, one targetting a generic
spin-0 particle and the other for a spin-2 particle using the RS model as benchmark.

In the spin-0 search, five Higgs-like production modes are considered and the search is
performed in such a way that it is applicable to either of these production processes. The
search has a tighter kinematical requirement for the photon selection, taking advantage of
the isotropic distribution of the decay products in the centre-of-mass frame of a heavy scalar
particle. The spin-2 resonance search has a looser kinematic selection requirements to maintain
the acceptance, since the decay products of a spin-2 particle tend to be in the more forward
region, resulting in them having a lower transverse energy.

Details of the analysed dataset as well as the MC samples that are used to study the resonant
signal and non-resonant background are presented in Section 8.1. The event selection is outlined
in Section 8.2. The determination of the background m.. shape is described in Section 8.3. The
modelling of the signal shape and the signal efficiencies are summarised in Section 8.4 and 8.5.
The systematic uncertainties that enter into the analysis and the statistical model used to
present the results are described in Section 8.6 and 8.7 respectively. Section 8.8 discusses the
results of the search analysis. The re-analysis of 8 TeV data and its compatibility with the
observation in 2015 data are reported in Section 8.9. Finally, Section 8.10 presents additional
studies on categorisation.

As an active member of the analysis team, I have performed various studies and contributed
to many areas of the analysis. My main contribution consisted in providing the signal modelling

!Spin-1 state decaying to two spin-1 photons is excluded due to Landau-Yang theorem [24,25] and higher
spins are disfavoured theoretically.
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of large-width scalar resonance through the study of the signal shape explained in the previous
chapter (Section 8.4.2 and 8.4.3). I also contributed to the computation of large-width fiducial
correction factors for the spin-0 analysis (Section 8.5.2). I was also responsible for the statistical
analysis on the spin-0 resonance search described in Section 8.8.1 and Section 8.8.3. In addition,
I performed some checks on the validity of the narrow-width limit for larger widths and the
validity of the asymptotic approximation in the p-value computation, as presented in Section
8.8.4 and Section 8.8.5. Section 8.9.1 was my personal contribution to the 8 TeV re-analysis,
where I defined the large-width scalar resonance shape and computed the large-width fiducial
correction factor. Finally, I also studied potential analysis improvements using categorisation,
as summarised in Section 8.10.

This chapter describes both the spin-0 and the spin-2 analyses. Nonetheless, as I was
involved mostly in the spin-0 search, more details are given to the spin-0 analysis in several
parts of the chapter.

8.1 Data and Monte Carlo Samples

The analysis uses 3.2 fb™! of pp collision data at /s = 13 TeV collected by ATLAS in 2015.
The data sample was recorded using the HLT_g35_loose_g25_loose trigger, which is a diphoton
trigger with transverse energy FEr thresholds of 35 GeV and 25 GeV for the Ep-leading and
subleading photon candidates respectively. This trigger was run unprescaled, and has a signal
efficiency close to 99% for events fulfilling the final event selection. Only events taken during
stable beam conditions and in which the detector was fully operational are considered. The
standard data quality requirements are applied.

Simulated samples are used in the analysis for optimising the event selection, computing
signal efficiencies, determining the diphoton spectra for signal and background processes, etc.

8.1.1 Scalar Signal Samples

The spin-0 analysis searches for a generic scalar resonance. In order to study the signal prop-
erties, a heavy Higgs (with SM-like couplings) is simulated. Five Higgs-like production modes:
gluon-gluon fusion, vector boson fusion (VBF), associated production with a W boson (W H),
associated production with a Z boson (ZH) and associated production with a top quark pair
(ttH) are considered.

Gluon-gluon fusion is assumed as baseline since it is the dominant production mode of
the SM Higgs due to the much higher gluon-gluon luminosity compared to quark-antiquark.
The gluon-gluon fusion heavy Higgs production is simulated with the POWHEG generator [105]
interfaced to PYTHIAS for showering and hadronisation. The Higgs-like signal samples produced
via VBF is also simulated with POWHEG [121] interfaced to PyTHIA8. The WH, ZH and ttH
samples are simulated with PYTHIAS only. In all samples, only the signal is simulated and the
interference with the continuum background is neglected.

The search covers signals with widths ranging from the 4 MeV SM Higgs width (so-called
narrow-width approximation or NWA) up to I'x /mx = 10%. Signal samples with VBF, W H,
ZH and ttH production modes are only generated with narrow width. Since the large-width
signal shape is determined with the procedure described in Chapter 7, the large-width gluon-
gluon fusion samples are mostly used for validation of the signal modelling techniques and in
computing the efficiencies.

8.1.2 Graviton Signal Samples

The graviton signal model is simulated using Randall-Sundrum (RS) graviton production pro-
cesses in pp collision at /s = 13 TeV followed by a decay to two photons, implemented in
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8.2. Event Selection

PyTHIAS. Only the effect of the first Kaluza-Klein excitation is simulated. Multiple samples
were produced for different values of the couplings with the SM particles k/Mp| and mass of
the graviton mgs, ranging 0.01 < k/Mp; < 0.25 and 500 < mgs < 5500 GeV.

In practice, a high-statistics flat mass sample with 1.5 million events simulated is used since
it can be reweighted to any mass and coupling values. Starting with the standard PyTHIA
production code for a RS graviton sample of 5 TeV mass and k/Mp; = 0.1, the resonant effect
is undone by dividing the differential cross-section by the Breit-Wigner term used in Pythia (see
Eq. 7.55). Then, the differential cross-section is divided by a mass-dependent factor comprising
of the parton luminosity and mass-dependent squared matrix element effects, resulting in a flat
mass spectrum.

Once the flat graviton mass spectrum has been generated, reweighting to any mass and cou-
pling can be achieved by reversing the procedure on an event-by-event basis using the generator-
level information. The reweighting uses the above Breit-Wigner term and the mass-dependent
factor fitted on the residual mass dependence in simulation. This is quite similar to the line
shape parameterisation derived in Section 7.5, which was only used in the subsequent analysis
using 2016 data.

Reweighting the flat sample to a narrow width is ineffective due to the lack of statistics.
Hence, for k/Mp; = 0.01, single mass samples are used while reweighted flat samples are used
instead for k/Mp; > 0.05. The single mass samples at larger values of k/Mp; are mostly used
for cross-checks.

8.1.3 Background Samples

Events containing two photons with associated jets are simulated using the SHERPA 2.1.1 [67]
generator, requiring a photon transverse momentum above 20 GeV. Matrix elements are calcu-
lated with up to two partons at LO and merged with the SHERPA parton showering [122] using
the ME+PSatLO prescription [123]. The CT10 PDF set is used in conjunction with dedicated
parton shower tuning developed by the SHERPA authors. In order to maximise the available
statistics over the entire mass range of interest, the simulation is separately performed in slices
of diphoton invariant mass.

8.2 Event Selection

The photon candidates are required to be within the calorimeter acceptance of |n| < 2.37,
excluding the transition region between the barrel and the end-cap calorimeters of 1.37 <
|n| < 1.52. In the excluded transition region, the photon identification capabilities and energy
resolution are degraded.

In order to reject background from jets misidentified as photons, the selected photon can-
didates have to pass the tight photon identification criteria based on shower shapes in the
calorimeter. Furthermore, the photon candidates are required to be isolated. The selection
requirement on the calorimeter isolation variable is defined by E%O < 0.022FE7 + 2.45 GeV and
on the track isolation variable by piTSO < 0.05E7. The primary vertex corresponding to the pp
collision that produced the diphoton candidate is identified using the algorithm described in
Section 6.2.2.

In the selection used to search for a spin-0 resonance, a tight kinematical selection optimised
on simulated signal and background samples is applied. The transverse energies of the photon
with the highest E7 and second-highest Er are required to be Ep > 0.4m., and Er > 0.3m.,
respectively. This selection improves the expected sensitivity by over 20% for masses above
600 GeV. The cut on Er/m., selects events in which the photons are preferentially emitted in
the central region of the detector. In the spin-2 selection, the transverse energy of each photon
is required to be greater than 55 GeV.
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Finally, the diphoton invariant mass is required to be larger than 150 GeV for the spin-0
selection and m.,~ > 200 GeV for the spin-2 selection.

8.3 Background Modelling

The diphoton background can be divided into two categories: the irreducible background which
is due to SM production of real photon pairs, and the reducible background which includes event
in which one or both of the reconstructed photon candidates are from jets misreconstructed as
photons. The reducible background can be separated into three components: vj, jv and jj,
referring to whether the leading or subleading photon candidates is a fake. Background sources
from Drell-Yan, W~ or Zv production, with either one or two isolated electrons misidentified
as photons, are negligible.

The shape of the mass distribution for the irreducible diphoton background is obtained
from the simulation. The shape of the mass distribution for the reducible photon+jet and dijet
backgrounds is estimated from data control samples selected with one or two of the photons
failing a subset of the tight identification criteria. The final background prediction is obtained
by summing the irreducible component and the smoothed estimate of the photon+jet and dijet
backgrounds, normalised to their yields estimated in the data. This prediction of the total
background shape can be used directly in the form of a background template, or to validate the
background modelling.

8.3.1 Irreducible Background

The shape of the irreducible background is obtained from the LO SHERPA samples by applying
the analysis selection. NLO prediction of the diphoton invariant mass spectrum can be estimated
with the parton-level generator DiPHOX [124]. DIPHOX version 1.3.2 is used with the CTEQ66M
PDF set. The fragmentation, factorisation and renormalisation scales are set to the mass of the
diphoton system. The generator-level photon isolation cut is required in the calculation: it is
adjusted to mimic the effect of the reconstruction-level photon isolation cut. The true diphoton
invariant mass generated with SHERPA is then reweighted to match that in DiPHOX. The NLO
prediction of reconstructed diphoton invariant mass of the irreducible background can then be
obtained from the reweighted sample.

8.3.2 Reducible Background

The shape of the mass distribution for the reducible backgrounds is estimated from background-
enriched data control samples. In all control samples, the two photon candidates are required
to pass the same isolation cut as for the signal selection, as well as the same kinematical
requirements. The control samples are selected with one or two of the photons failing the tight
identification criteria and fulfilling a looser set of requirements, called the LoosePrime selection.
The LoosePrime cuts are defined by inverting different combinations of the photon shower shape
requirements as shown in Table 8.1.

The first set of control samples, named Tight-AntiTight, contain the events where the leading
photon passes the tight photon identification while the subleading photon is required to fail
the tight photon identification but to pass the LoosePrime requirement. The Tight-AntiTight
samples are enriched in v+ jet events. Similarly, the AntiTight-Tight and AntiTight-AntiTight
data control samples are enriched in jet + v and jet + jet respectively.

The limited number of data events does not directly allow a precise estimate of the mass
distribution for masses above 500 GeV. Thus, the background shapes are smoothened by fitting
a function to the mass spectra in the control regions.

Several sets of control samples can be defined based on the chosen LoosePrime selection.
One could also use the Loose selection instead of LoosePrime. The control region defined
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8.3. Background Modelling

Definition Relaxed cuts

LoosePrime2  wgs, Fiyide

LoosePrime3  wg3, Fiide, AE
LoosePrimed  ws3, Fiide, AE, Eratio
LoosePrimed  ws3, Fiide; AE, Eratio, Ws,tot

Table 8.1: The definitions of the LoosePrime control regions. Here, LoosePrimen means that
the tight identification criteria is applied with the exception of the n shower shape variables.
The variables are defined in Section 3.3.

by the Loose selection has the highest statistics and high fraction of fake photons, but may
not be representative of the fake photons in the signal region. The control region refined by
LoosePrime2 selection is the closest to the signal region but contains a large fraction of true
photons. The nominal control region is chosen by finding the right balance between the signal
leakage in the control samples, the need for reasonable statistics in the control samples as well
as possible correlations between the shower shape variables and the mass distribution. The
LoosePrime4 selection is chosen for the nominal region of the background shape estimation of
the «v + jet and jet + v components, while the Loose selection is used for the nominal region of
the background shape estimation of the jet + jet component. All other LoosePrime variations
are used to evaluate the systematic uncertainty on the nominal background shape for the v+ jet
and jet + v components, and only LoosePrime4 and LoosePrime) variations are used for the
jet + jet component systematic uncertainty in order to have reasonable statistics in the control
samples.

8.3.3 Data Sample Composition

The relative contribution of the true v, vj, jv and jj components in the selected events is
measured in data. The diphoton purity (i.e. vy fraction) is expected to be high with the chosen
analysis selections. The relative fractions of these background components are used to combine
the irreducible and reducible background as defined in the previous sections to study the overall
background shape.

Three techniques are used: two-times-two-dimensional sideband (2x2DSB) method, matriz
method and a fit to the two-dimensional distribution of the calorimeter isolation of the two
photon candidates (2D isolation fit). Each of these methods makes use of the discriminating
power between prompt and fake photons provided by the photon isolation energy and/or shower
shape variables in the electromagnetic calorimeter.

The methods are based on control regions, where one or two reconstructed photons fail
the tight identification and/or the isolation requirements, and the signal region, where the two
photon candidates pass both the tight identification and the isolation requirements. In the
non-tight control region, the photon that fails the tight identification is required to satisfy the
LoosePrime selection defined in Section 8.3.2. Figure 8.1 shows a sketch of the signal and control
region, for one candidate photon in terms of its identification and isolation requirements.

The common strategy of the methods to estimate the hadronic background is to extract the
amounts of vy, vj, jy and jj events from the observed yields (matrix method and 2x2DSB
methods) or isolation distributions (2D isolation fit) of the events that populate the signal region
and the control regions. The 2x2DSB and matrix methods are based on event counting while
2D isolation fit makes use of the shape of the photon and jet isolation distributions.

The differential purities as a function of the diphoton invariant mass are only measured with
the 2x2DSB and matrix methods, while all methods are used to measure the inclusive purities,
integrated over the diphoton invariant mass distribution. A good agreement between the results
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\

isolation

Figure 8.1: Sketch of the signal region (TI) and all the control regions.

of the different methods is observed.

The inclusive purity is (9312)% for the spin-0 selection and (9472)% for the spin-2 selection.
The inclusive purity is slightly higher for the spin-2 selection (but within uncertainties) since it
is evaluated over m., > 200 GeV for the spin-2 selection and over m,, > 150 GeV for the spin-0
selection, and the purity in 150 < m,, < 200 GeV is smaller than for m., above 200 GeV.

Figure 8.2 shows the data decomposition and diphoton purity as a function of the diphoton
invariant mass for the spin-0 and spin-2 selections.
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Figure 8.2: Diphoton invariant mass distributions of the data for the spin-0 (left) and spin-2
(right) selections and their decomposition into contributions from true diphoton, photon+jet,
jet+photon and dijet events. The bottom panels show the purity of the diphoton events as
determined from 2x2DSB and matrix method. The total uncertainties are shown, including
statistical and systematic components.

8.3.4 Background Modelling Approaches

Two different approaches are used to estimate the background contribution to the m., dis-
tribution in the spin-0 and spin-2 analyses. In both cases, a background template is built by
summing the irreducible component and the smoothed estimate of the reducible backgrounds,
normalised to their yields estimated in the data.
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8.3. Background Modelling

In the search for scalar resonances, a data-driven estimate is used to model the background.
The total background contribution is modelled by a smooth functional form fit to the m.,
distributions in data. The functional form must be capable to describe the background over the
largest possible mass range and is validated on the background template up to 3 TeV.

The spurious signal method is used to both validate the chosen function and also estimate
the uncertainties in the background modelling due to the choice of a particular function. Spu-
rious signal refers to the fake fitted signal induced by the systematic differences between the
background parameterisation and the background template. To evaluate the amount of spuri-
ous signals, a candidate function is used to perform a signal+background fit for a given mass
hypothesis mx on the background template.? The number of fitted signal yield for a given
mass, Nypurious(Mx ), is studied as a function of mx, varying the signal mass hypothesis in the
range of interest in steps of 1 GeV.

In order for a function to be valid, it needs to pass the spurious signal test which requires that
the function does not generate |Ngpurious(mx )| larger than 30% of the uncertainty of the fitted
signal yield over the full mass range the function is validated for. The number of fitted spurious
signal events generally increases with the signal width and the function needs to be valid up
to widths of 10% of mx as defined in the scalar search range. Among the various validated
functions, the one with the smallest number of free parameters is chosen as the baseline.

Functions of the form

Frea(m;b, {ar}) = (1 — at)Pa im0 o 108 () (8.1)

where x = m—”g are tested. Finally, a two-parameter function of this form with d = 1/3 and
k = 0 is chosen for the spin-0 search, as given below:

f(z;b,a) = (1 — z'/3)bze, (8.2)

where a and b are the two parameters of the function.

Figure 8.3 shows the number of fitted spurious signal yield Ngpurious @s a function of the
tested myx for several width hypotheses using the above function. The spurious signals used as
the uncertainty of the background modelling is obtained from parameterising the distribution
of | Nspurious(mx )| with a conservative envelop for each width hypothesis.

The spin-2 search aims to reach very high masses, where the small number of data events does
not constrain effectively the shape of the background invariant mass distribution. The shape of
the invariant mass distribution of the total background is thus predicted from a template built
from irreducible and reducible background components as described previously. The fractions
from the 2D isolation fit method are used to combine the irreducible and reducible background
templates. The NLO correction to the irreducible background shape obtained from DIPHOX is
applied. The total background prediction is normalised to match the number of data events
in a low-mass control region (200 < my, < 500 GeV) and the search range is defined as
Moy > 500 GeV.3

In the background template for the spin-2 search, the uncertainties in the m,, distribution
result from the uncertainties in both the shape and the relative normalisation of each compo-
nent. Sources of systematic uncertainties include the shape of the reducible background, the
relative normalisation of the reducible and irreducible backgrounds, the impact of the parton-
level isolation requirement in DIPHOX and the effect of the uncertainties in the scales and PDF
in the DIPHOX computation. This is discussed in Section 8.6.3.

2Details on the signal modelling are given in Section 8.4.
3The control region is chosen in the mass region where previous experiments have excluded the presence of a
RS graviton signal.
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Figure 8.3: Number of fitted spurious signal yield Ngpurious @s a function of tested mx, shown
for NWA (dark green) and I'x /mx = 2 (red), 4 (green), 6 (blue), 8 (yellow), 10 (violet) and
15% (cyan). The two-parameter function f(x;b,a) = (1 — x1/3)bxa is used and Ngpurious(mx)
is required to be lower than 30% of the uncertainty of the fitted signal yield over the full mass
and width range.

8.4 Signal Modelling

Besides the modelling of the background m. shape, the modelling of the signal shape is also
of importance. This section describes the modelling of the narrow-width and large-width signal
shape.

8.4.1 Narrow-Width Signal Modelling

A double-sided Crystal Ball (DSCB) function is used to parameterise the reconstructed NWA
signal shape of a spin-0 or a spin-2 resonance after their respective event selection has been
applied. The function is found to be able to describe well the NWA signal shape including the
non-Gaussian and asymmetric low and high mass tails. The DSCB function is defined as

42 .
e /2 if —ajow <t < anign
2
—0.5c
e low .
Xow [ Mow "Mow lf t < _alOW
N : |:nlow (O‘low _alow_t>] (83)
—0.502,
e high . )
ohigh  "high “high ift> @high
Thigh \ “high ~high+?

where t = (m —pcB)/ocp with pop being the mean of the Gaussian distribution and o¢p
represents the width of the Gaussian part of the function; NV is a normalisation parameter; ajoy
(ahigh) parameterises the mass value where the invariant mass resolution distribution becomes
a power-law function on the low (high) mass side in units of ¢; and niow (7high) is the exponent
of this power law. The parameter Amx = ucp — mx is defined as the difference between the
mean of the Gaussian and the signal mass value being generated. An illustrative drawing of the
double-sided Crystal Ball function is provided in Figure 8.4.

The DSCB parameters are expressed as analytical functions of mx. The parameterisation is
determined in two steps. First, the DSCB shape is fitted to the signal mass distributions for each
mass point in the available MC samples (single mass fits) yielding a set of DSCB parameters at
each mass point. The evolution of these parameters with my is then parameterised with either
linear or quadratic functions of m,x (mpx = %w/)
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Figure 8.4: Example of DSCB function and illustrative description of its parameters for a signal
mass of mx = 600 GeV.

In the second step, a simultaneous fit to all the mass points is performed and the coefficients
of the functions describing the evolution of DSCB parameters are obtained. This procedure
(multiple mass fit) yields a more reliable determination of the coefficients. The single mass
fits method provides a check on the fitted coefficients as the two methods should give similar
results.

Figure 8.5 shows the resulting parameterisation of the DSCB parameters from the multiple
mass fit (red line) for the spin-0 signal model. For comparison, the parameters from the fit to
the individual mass points are also shown in blue points and the fit of those points is shown with
the blue dashed line. Since the parameters are highly correlated, the values of njy and npgn
values are fixed as constant, using the values first obtained in the single mass fits. Excellent
agreement between the parameterisation from multiple mass fit and single mass fits is observed.

8.4.2 Convolution with the Detector Resolution

To obtain the reconstructed mass shape of a large-width signal, the theoretical line shape de-
scribed in Chapter 7 is convolved with the detector resolution function. The detector resolution
is described by the NWA mass shape presented above. This approach allows the determination
of the shape of any large-width signal, not restricted to the mass and width values where MC
simulations are available.

Fully simulated MC samples are used to test if the convolution approach is able to describe
the reconstructed mass distribution of a large-width signal. The DSCB function representing a
narrow-width signal of a certain mass is convolved with the true mass distribution of a large-
width signal of the same mass, and then compared to the reconstructed mass distribution of the
large-width signal. For all the mass and width values for which MC samples are available, the
convolution yields a function that describes well the reconstructed mass distribution. Figures 8.6
and 8.7 show the comparison of the reconstructed mass distributions with the outcome of the
convolution for a resonance with mass of 400 and 1500 GeV and width of 5 and 10% of mx.

The detector resolution varies as a function of the photon energy and consequently, the
diphoton mass. Nevertheless, taking the detector resolution at the value of the resonance
mass in the convolution is sufficient to provide a good description of the reconstructed mass
distribution.
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Figure 8.5: Comparison of the multiple mass fit parameterisation (red line) to the parameters
from the single mass point fits (blue points) and to the fit of the single mass point parameters
(blue dashed line) using the POWHEG spin-0 signal model. Four DSCB parameters are shown
as a function of mx: Amx = pcp — mx (top left), ocp (top right) , aow (bottom left) and
Onigh (bottom right).
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Figure 8.6: Reconstructed m., distributions after selection of the resonance with mx = 400 GeV
and width of (a) 5% and (b) 10% of mx are shown. In each plot, the blue line represents the
theoretical line shape given by B, -L4,- BW -m.,, while the magenta line represents the outcome
of the convolution and the black markers show the reconstructed invariant mass distribution.

The convolution approach provides an elegant and simple signal modelling which is used to
fit the data and derive the statistical results. It enables the modelling of the resonance shape
of all resonance mass and width within the search range without the use of fully simulated
samples.
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Figure 8.7: Reconstructed m., distributions after selection of the resonance with mx =
1500 GeV and width of (a) 5% and (b) 10% of mx are shown. In each plot, the blue line
represents the theoretical line shape given by By, - L4 - BW - m., while the magenta line rep-
resents the outcome of the convolution and the black markers show the reconstructed invariant
mass distribution.

8.4.3 Large-Width Signal Modelling

The convolution of the detector resolution with the theoretical line shape can be used directly
in the statistical framework. This is done for the spin-2 signal modelling.

For the spin-0 case however, as discussed in Section 7.2.3, the resonance line shape im-
plemented in POWHEG exhibits a secondary bump at around 400 GeV in the invariant mass
distribution. Such features as well as the exact line shape in the off-shell region are highly
model-dependent. Since most models predict very similar shapes close to the resonance peak
(see Figure 7.9), the analysis is restricted to the resonance peak region. Thus, a DSCB function
is used to model the large-width POWHEG signal shape in a similar way as done in the NWA
case.t

Similarly to the NWA signal modelling where the DSCB function is fitted to the recon-
structed mass distributions of the MC samples, the reconstructed mass distributions of the
large-width signals are needed. The limited number of large-width MC samples does not allow
a reliable signal modelling across mass and width ranges. Instead, pseudo-samples of 50,000
events are generated from the convolution of the theoretical line shape in Eq. 7.30 with the
DSCB function describing the detector resolution for various values of mass and width.

The DSCB function is fitted to the mass distributions in the pseudo-samples. The fit is
restricted to the peak region so that the secondary bump is not taken into account and the
signal shape does not extend far to the off-shell region. m x-dependent parameterisations of the
DSCB parameters are first obtained at fixed I'x hypothesis following the method outlined in
Section 8.4.1. An example of the paramaterisation is shown for I'x /mx = 6% in Figure 8.8.
Next, the value of the DSCB coefficients is interpolated between neighbouring values of I'x
between 0 and 10% to obtain a continuous parameterisation in I'xy. Figure 8.9 shows the
evolution of the DSCB parameter as a function of the resonance width for a fixed resonance
mass myx = 750 GeV. The DSCB parameterisation obtained this way is checked on the available
MC samples and a good description of the reconstructed mass is found.

4One could also cut the mass shape outside the resonant region with a top-hat function, but this is more
difficult to implement. Using a DSCB function is easier as it is already used for NWA signal modelling and the
function falls steeply away from the peak, effectively removing the off-shell events.
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Figure 8.8: Comparison of the multiple mass fit parameterisation (red line) to the parameters
from the single mass point fits (blue points) and to the fit of the single mass point parameters
(blue dashed line) using the pseudo-samples generated with the parameterisation of POWHEG
line shape (Eq. 7.30) with width I'x /mx = 6%. Four DSCB parameters are shown as a function
of mx: Amx = pucp —mx (top left), oop (top right) , aiow (bottom left) and anign (bottom
right).
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8.5 Signal Efficiency

In the spin-0 analysis, the search is performed in a model-independent way. In particular,
the measured signal cross-section must be reported in a way that is applicable to a range
of production processes. For this purpose, the result is provided as a fiducial cross-section,
measured within a fiducial volume chosen to minimise the model-dependence of the result.
The spin-2 analysis however uses the Randall-Sundrum model as benchmark, and hence the
measured number of signal events is corrected to the total acceptance using a simple efficiency
correction predicted by the Monte Carlo samples.

Section 8.5.1 outlines the fiducial volume and the correction factor used to extract the
fiducial cross-section for the spin-0 analysis. Special treatment of a large-width resonance while
using the POWHEG signal model is presented in Section 8.5.2. The signal efficiency of graviton
search is presented in Section 8.5.3.

8.5.1 Fiducial Correction Factor for Spin-0 Analysis

To extract the fiducial cross-section, a correction factor is used and is defined as

CX _ ]\rselection7 (84)
Nﬁducial

where Ngelection 18 the number of reconstructed signal events passing all the analysis cuts,
and Ngqucial 18 the number of signal events at the particle-level generated within the fiducial
volume.

The fiducial acceptance defined at truth level is chosen to closely match the experimental
acceptance of the measurement in order to minimise the model-dependence of the result. The
fiducial volume therefore includes kinematic cuts applied on the truth photon variables so as
to mimic the ones used at the reconstruction level. Both photons should be within |n| < 2.37,
although the transition region of 1.37 < |n| < 1.52 is not removed. The transverse energies for

the leading and subleading photons are required to satisfy the same mass-dependent cuts as
2

the one used for the reconstructed photons: 5—;} > 0.4 and i—% > 0.3. In addition, a particle
isolation cut is also applied on the photons to reduce the depengﬂance on the production process.
The cut is defined by comparing the C'x factors extracted using simulations of other production
processes. The particle isolation requirement is E%O(AR = 0.4) < 0.05E} + 6 GeV, where
the particle isolation, E%O is computed using all particles with lifetime greater than 10 ps at
generator level in a cone of AR = 0.4 around the photon direction.

The Cx factor is calculated from Eq. 8.4 on the available MC samples. The pile-up dis-
tributions in the simulated samples are reweighted to match the pile-up condition in data.
Figure 8.10 shows the C'x factor as a function of mx for narrow-width gluon-gluon fusion signal
samples. The mass-dependence of Cx factors is fitted using a functional form to ensure smooth
interpolation between mass points.

8.5.2 PowHeg Large-Width Cx factor

The resonance line shape implemented in POWHEG shows a secondary bump at around mass
of 400 GeV. Although the bump is not included in the statistical modelling due to the use
of DSCB to model signal shape, the MC samples we use to extract C'x factors from are not
exempted from this effect.

Ngelection 1S given by the fitted number of signal events from a signal+background fit of a
sample combining an Asimov background component (see Section 5.6) with the signal events
from MC sample at given mass and width. The signal events are weighted so that the total num-
ber of signal events is twice the expected upper limit on the event yield. A signal+background
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Figure 8.10: Cx factors computed using the POWHEG gluon-gluon fusion samples (blue) as a
function of myx for the 2015 dataset. The Cx factors from other production modes are also
shown: VBF (red), ZH (green), WH (yellow) and ttH (black). The function shown in blue line
is fitted on C'x factors computed from gluon-gluon fusion samples.

fit is performed since fitting the signal MC distribution with only the signal pdf will yield the
same normalisation as the sample.

Figure 8.11 shows the mass distributions from the PowHeg sample for a Higgs-like resonance
with mx = 1500 GeV and I'x /mx = 10%, where a bump at low mass is visible, compared
to the signal parameterisation which is shown in red in the same figure. Only the number of
events fitted using this parameterisation should be considered in the Ngglection €Xpression in the
numerator of the Cx.

eten =
2000 2500 3000
mag

Figure 8.11: The mass distribution of the POWHEG MC sample simulated with mx = 1500 GeV
and I'x /mx = 10% is shown in black markers. The signal model at the same mass and width is
shown in red line. The mass distribution obtained from re-weighting the MC to an alternative
propagator in shown in blue.

Since the fiducial acceptance should match the reconstruction level cuts, the large-width C'x
factor using POWHEG model is computed with an additional fiducial cut on top of those defined
previously in Section 8.5.1. The fiducial mass volume is chosen by comparing the Cx factor
obtained in the standard POWHEG case and with an alternative line shape from the propagator
given by Eq. 7.23 with the top quark mass set to 1 TeV in the partial width of X — v (shown
in blue in the same figure). The +2I"y window is found to lead to Cx factors that are similar
in these two cases implying that a fiducial volume of mx + 2I'x is rather model-independent.
As such, the definition of the C'x factor for the large-width scalar model goes one step further
than for the narrow-width model, by defining both the numerator and denominator in terms of
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Chapter 8. Search for Diphoton Resonances at /s = 13 TeV with 3.2 fb~! Recorded in 2015

events in the main resonance peak rather than the total number of events.

The value of the large-width Cx factor at a given mass is larger than the narrow-width
one since the fiducial volume is now smaller due to the line-shape truncation cut. At the
reconstruction level, Nggection 1S computed from the signal parameterisation which has non-zero
tails whereas Ngqucial includes only events at the truth level inside a truncated mass range. In
other words, the fiducial mass acceptance is tighter than the reconstruction level selection. The
efficiency of the truncation cut applied to NWA MC samples (i.e. with I'xy =4 MeV) is found
to be approximately 85% at my = 800 GeV and 84% at mx = 1500 GeV, which is consistent
with the ratio between the NWA and the large-width C'x factors at these masses.
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Figure 8.12: Cx factors computed using the POWHEG gluon-gluon fusion large-width samples
as a function of mx for the 2015 dataset for I'x /mx = 1 (red), 3 (green), 5 (yellow), 6 (black),
7 (violet) and 10% (brown). The fiducial volume includes a mass window of mx + 2I'x. The
function shown in yellow line is fitted on C'x factors computed from I'x /mx = 5% samples.

For the large-width case, only gluon-gluon fusion Cx factors are computed. The variation
of the C'x factors for different production modes is assumed to be the same as that of the NWA
case.

8.5.3 Signal Efficiency for Spin-2 Analysis

The graviton search is performed in the context of the Randall-Sundrum benchmark model. To
express the results in terms of the total cross-section, the fitted number of signal events in data
is corrected by the total acceptance efficiency:
J\f .
passing
€y = —2T8 8.5)
: Ntotal (

where Nigia1 is the total number of events in simulation and Npassing counts the number
of reconstructed MC diphoton events passing all selections. The efficiency is calculated for
different k/Mp; hypothesis, as a function of mg,. The efficiency is computed using single mass
point MC samples for the case of narrow width (k/Mp; = 0.01) and reweighted flat samples
for larger coupling values. The simulated samples have pile-up distributions reweighted to the
pile-up condition in the data.

8.6 Systematic Uncertainties

In the following, the relevant systematic uncertainties on signal modelling, signal yield and
background modelling are described.
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8.6. Systematic Uncertainties

8.6.1 Signal Modelling Uncertainties

In the spin-0 analysis, the signal parameterisation is extracted from gluon-gluon fusion narrow-
width MC samples. However, the dependence of the signal shape on the production process is
checked with the narrow-width MC samples of the five Higgs-like production processes. While
some variations are observed in the tails of the signal mass distribution, the bias on the number
of fitted signal events is estimated to be less than 1%. This uncertainty is hence neglected.

The most relevant uncertainty in the signal modelling is coming from the photon energy
resolution. For this high mass search, the uncertainty in the signal mass resolution is mostly
driven by the uncertainty in the constant term of the energy resolution. This mainly impacts
the ocp parameter. The signal samples are generated with upward and downward variations
of the photon resolution. The m., distributions are fitted to extract the value of the ocp
parameter for both upward and downward variations. The width of the DSCB function ocp
varies from T30% to T40% as a function of the mass, in the range from 200 GeV to 1000 GeV,
and stays almost constant above 1000 GeV.

The uncertainty in the photon energy scale shifts the resonance peak position. This impacts
the precision on the measurement of the resonance mass which is not relevant in this stage of
the search, hence it is not included in both analyses.?

8.6.2 Signal Yield Uncertainties

The uncertainty on the photon identification efficiency is estimated from the comparison of
the efficiencies obtained from simulation before and after applying the shower shape shifts (see
Section 3.3) to match data distributions. This gives an uncertainty in signal yield of about +2
to 3%.

For the calorimeter-based isolation efficiency, the uncertainty is taken from the difference
between the nominal value and that from applying a data-driven shift to the isolation energy in
simulation. The uncertainty on the signal yield associated with the calorimeter-based isolation
is typically less than 1%.

The track-based isolation efficiency uncertainty also arises from imperfect modelling of the
track isolation of photons in MC simulation. The uncertainty on the signal yield from track
isolation efficiency is +1 — 4%.

For the spin-0 case, an additional systematic uncertainty is assigned to cover the differ-
ence in signal correction factor due to production mode. The Cx factors are evaluated for all
five production modes and the uncertainty is taken to be half the difference between the two
extremes, giving a final value of +2.9%. For the large-width case, there is an additional 5%
uncertainty assigned due to the difference between the C'y factors computed at different widths
(see Figure 8.12).

The integrated luminosity of 3.2 fb™1 has an uncertainty of £5%. The uncertainty is derived
following a methodology similar to that detailed in Ref. [125] from a preliminary calibration
of the luminosity scale using van der Meer beam-separation scans performed in August 2015.
Other sources of uncertainties have negligible impact on the signal yield.

8.6.3 Background Modelling Uncertainties

In the spin-0 search, the background modelling uncertainty is estimated from the spurious
signal as described in Section 8.3.4. The spurious signal uncertainties vary from 7 (20) events
at 200 GeV to 0.006 (0.04) events at 2000 GeV for the case of NWA (I'x/mx = 6%). In
the functional form approach, the statistical uncertainty is taken from the uncertainty in the
determination of the parameters of the function from the fit to data.

5If a new resonance is discovered, this would become important.
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The uncertainties in the background template for spin-2 resonance search consist of the un-
certainties from the shape of the irreducible background, the shape of the reducible background
components and the background composition. In the irreducible background, the uncertainties
considered are the PDF uncertainty, the choice of the PDF set, the generator-level photon iso-
lation cut in DIPHOX, as well as the fragmentation, factorisation and renormalisation scales.
The PDF uncertainty is the dominant theoretical uncertainty, varying from £2% at a mass of
200 GeV to £35% at a mass of 3500 GeV. The photon isolation requirement applied at the
parton level in DIPHOX gives an uncertainty of about +£10%. In addition, experimental uncer-
tainties in the efficiency of the tight photon identification and isolation requirements are also
included.

For the shape of the reducible background, the variations in the fit functions are studied
by changing the definition of the control samples. The irreducible background are combined
with the reducible background components with the fractions from the 2D isolation fit method.
The uncertainties in the background fractions are determined using the background yields from
different LoosePrime definitions in the 2D isolation fit. Finally, the bin-by-bin MC statistical
uncertainties, which range from +5 to £10% in a 5 GeV mass bin are also considered.

Figure 8.13 shows the evolution of the uncertainties in the background prediction for the
spin-2 analysis as a function of m., in the region m., > 500 GeV. At very high masses, the
main contribution to the uncertainty originates from the shape of the irreducible background,
which in turn mostly arises from the PDF uncertainty.
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Figure 8.13: Relative uncertainties in the shape of the m,, distribution of the background
template used for the spin-2 resonance search prior to fit to data. The reducible and irreducible
background uncertainty arise from the uncertainty in the shape of the reducible and irreducible
background component respectively. The uncertainty in the purity corresponds to the impact of
the relative normalisation of the reducible background compared to the irreducible background
while the uncertainty in isolation results from the uncertainty due to the choice of parton-level
isolation cut in the DiPHOX NLO computation. [69]

8.7 Statistical Model

The numbers of signal and background events are obtained from maximum-likelihood fits of the
m.~ distribution of the selected events, for each signal mass and width hypothesis.
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8.7. Statistical Model

In the spin-0 resonance search, the data is described with a per-event likelihood function
expressed as

L(myy; 06d, mx, I'x /mx, Nokg, a,0) = Nx (064, mx, Oy, 055) [x (Myy, ox (mx, Tx/mx),05)

+ Nikg fokg (M, a)
(8.6)

where ogq is the fiducial production cross-section of the hypothetical resonance of mass mx;
a denotes the parameters of the background function; On, collectively designates the nuisance
parameters describing the systematic uncertainties that affect the normalisation of signal yields;
fss is the nuisance parameter associated to the spurious signal uncertainties; zx denotes the
parameters describing the signal shape; and 6, the nuisance parameter of the mass resolution
systematic uncertainties

Ony consist of O,y for the uncertainty on the integrated luminosity of the data sample,
O x for the systematic uncertainty on photon identification efficiency of the resonance, 0;5, x
for the systematic uncertainty on isolation efficiency of the resonance, 6 gg for the photon energy
resolution systematics and 6¢, for the production-mode uncertainty on the C'x factors.

Nx and Ny, are the number of signal and background events respectively. Ny, is a free
parameter in the fit, while Nx is parameterised as

1On |
Nx (6, mx, Ony, 055) = 06a Lint Cx(mx) [ Ki(0:) + oss0ss (8.7)
i=1
where L;,; is the integrated luminosity of the sample; K; a function characterising the effect
of the normalisation systematics 0; in Ony; 0ss and fgg are the spurious signal systematic un-
certainty and its associated nuisance parameter. K;(6;) implements the systematic uncertainties
with the expression K;(6;) = r;(mx)%, with

(8.8)

T'(m ) _ (1 +Ui(mX))NX 0; >0
e (1—o0i(mx))Nx 6; <0

where o; is the uncertainty on the yield expressed in fraction so that the modifications to the
signal yield for 6; = 41 are exactly equal to the +1¢ variations used to define the uncertainties.
r;(mx) is interpolated smoothly between 6; > 0 and 6; < 0.

The systematic uncertainties in the signal modelling, spurious signal and on the signal yield
are constrained with Gaussian penalty terms.

The signal pdf fx is the double-sided Crystal Ball function with parameters xx = {Am,
TCB, Mow; Chigh, Mows Mhigh ), as defined in Section 8.4. The uncertainty on the ocp parameter
is applied using the expression ccp = 09Ky (0,), where oy is the nominal value of oop and
K;(05) is defined similarly as for the event yield systematics above. The background pdf fy, is
described by the function fyig(myy;0,a) = (1 — a3y g = My~ /+/S, with parameters a and
b free in the fit, as detailed in Section 8.3.

The overall likelihood is

L(oga, mx,Tx/mx, Nirg,a,0) =
n i 1 (8.9)

Nt Niko) | TT L(mqy s 050, mx, Tx /mx, Norg,a,0) | | [] exp(— (0k — 0% |
j=1 k=1

where n is the number of events in the dataset and 02" is the set of auxiliary measurements
used to constrain the systematic uncertainties.
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For the spin-2 resonance search, the statistical model is similar except for the use of a binned
likelihood with 5 GeV bin size due to the template-based background modelling. The uncer-
tainties in background template (the uncertainty in the shape of each background component
and in the relative normalisation of the different components) are implemented in the model
as three independent nuisance parameters with Gaussian constraints. The effect of the limited
MC statistic is also included in the model by means of one nuisance parameter per bin, again
with Gaussian constraint.

The determination of local significance, global significance and upper limits follows the
procedure described in Chapter 5.

8.8 Results

The search region of the spin-0 resonance search is 200-2000 GeV in mass mx and 0-10% in
relative width I'x /mx. The lower mass range is chosen to minimise the gap between the high
mass search and the SM Higgs analysis while allowing sufficient sideband for the fit of the
diphoton invariant mass from 150 GeV. Beyond m., = 2000 GeV, there is no event in data to
constrain the background shape.

For spin-2 resonance search, the search region is restricted to 500-2000 GeV in mass and
0.01-0.3 in k/Mp. The 200 < M~y < 500 GeV region is used as a control region to normalise
the background template, while the range in k/Mp is chosen to approximately match the width
range of the spin-0 search. The search region for which p-values are computed is up to 2000 GeV
for the spin-2 resonance search but limits on the total RS graviton cross-section times branching
ratio are computed for graviton mass up to 5 TeV.

8.8.1 Spin-0 Selection

Figure 8.14 shows the diphoton invariant mass distribution for events passing the spin-0 selection
together with the background-only fit (signal component being set to zero) using the functional-
form approach. A broad excess is observed near a mass of 750 GeV. The local p-values testing
the compatibility with the background-only hypothesis are computed as a function of signal mass
my and relative width I'x /mx in the search range. The local significance as a function of mass
and relative width is illustrated in Figure 8.15. The largest deviation from the background-only
hypothesis is observed near a mass of 750 GeV, with a local significance of 3.9¢ for I'x /mx = 6%
corresponding to a width of 45 GeV. The global significance is 2.1 £ 0.050, evaluated using an
ensemble of pseudo-experiments with the technique described in Section 5.3 for the defined
search region. If a narrow-width signal is assumed, the largest deviation from the background-
only hypothesis is found also near 750 GeV, corresponding to a local significance of 2.9¢.

The result of a signal+background fit to 2015 data passing the spin-0 selection with resonance
mass and width values floating is shown in Table 8.2.

N background N, signal mx I'x / mx a b
736986 2249 749+10GeV 6+3% —-3.414+0.30 7.60+2.38

Table 8.2: The number of background events Npackground, the number of signal events Ngignal, the
resonance mass my, the relative width I'x /mx and the parameters a and b of the background
function obtained from a signal+background fit to 2015 data passing the spin-0 selection.

In the NWA the fit pulls the nuisance parameter associated to the photon energy resolution
by ~ 20, as the excess is broader than the experimental m,, resolution. The pulls on the
resolution uncertainty nuisance parameter are shown in Figure 8.16.
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Figure 8.14: Distribution of the diphoton invariant mass in 2015 data with spin-0 selection,
with a background-only fit. The difference between the data and the fit is shown in the bottom
panel for m,, > 200 GeV. The arrow shown in the lower panel indicates a value outside the
range with more than one standard deviation. There is no data event with m,, above 2 TeV.
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Figure 8.15: Compatibility, in terms of local significance, with the background-only hypothesis
as a function of the assumed signal mass myx and relative width I'x /mx for the spin-0 resonance
search using 2015 data.

8.8.2 Spin-2 Selection

Figure 8.17 shows the diphoton invariant mass distribution for events passing the spin-2 selection
together with the background-only fit using the MC-based background template. Similar to the
spin-0 resonance search, a broad excess is observed near a mass of 750 GeV. The local p-values
testing the compatibility with the background-only hypothesis are computed as a function of
the signal mass mq, and k/Mp) in the search range. The local significance as a function of
mass and k/Mpy is illustrated in Figure 8.18. The largest deviation from the background-
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Figure 8.16: Pulls on the nuisance parameter associated to the resolution uncertainty in number
of standard deviation as a function of mass assuming a signal of narrow width. The 6, is pulled
by & 20 near 750 GeV due to the presence of a broad excess.

only hypothesis is observed near a mass of 750 GeV, with a local significance of 3.8¢ for a
k/Mp value of 0.23. The Breit-Wigner width associated with k/Mp; = 0.23 is 57 GeV. The
global significance is 2.1 + 0.050, evaluated using an ensemble of pseudo-experiments for the
search region defined. If a narrow-width signal is assumed with k/Mp; = 0.01, the largest
deviation from the background-only hypothesis is found near 770 GeV, corresponding to a local
significance of 3.3c.
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Figure 8.17: Distribution of the diphoton invariant mass in 2015 data with spin-2 selection, with
the background-only fit. The difference between the data and the fit is shown in the bottom
panel for m,, > 200 GeV. The arrow shown in the lower panel indicates a value outside the
range with more than one standard deviation. There is no data event with m,, above 2 TeV.

8.8.3 Limits on Cross-section

Limits on the cross-section times branching ratio to diphoton are derived using the asymptotic
approximation (see Section 5.5 and 5.6). For the spin-0 search, the cross-section limits are
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Figure 8.18: Compatibility, in terms of local significance, with the background-only hypothesis
as a function of the assumed signal mass and k/Mp) for the spin-2 resonance search using 2015
data.

expressed within the fiducial acceptance defined in Section 8.5.1. This allows the limits to be
interpreted in a nearly model-independent manner. Figure 22 shows the limits on the signal
fiducial cross-section times branching ratio to two photons for a spin-0 resonance as a function
of the hypothesised mass and for four different values of signal width. The observed limits are
within the +1,20 bands of the expected limits consistent with a background-only hypothesis
except around 750 GeV where the observed limit is less stringent due to the presence of an
excess around that mass. Better limits are set for the narrow-width hypothesis compared to
large widths due to the higher sensitivity to search for narrow signals.

For the spin-2 case, the analysis is performed for a specific benchmark model of a spin-2
graviton, hence limits are given on the total cross-section times branching ratio to diphoton.
Figure 8.20 shows the limits as a function of mass for different k/Mp; values from 0.01 to
0.3. The limits are compared to the LO cross-sections predicted by the benchmark model in
PyTHIAS. The uncertainty band shows the PDF uncertainty estimated from the variations of
the NNPDF23LO PDF set.

8.8.4 Validity of NWA Spin-0 Limit for Resonances with Larger Width

The spin-0 analysis initially presented in December 2015 [119] was restricted to the narrow-
width hypothesis since the large-width signal modelling was not fully developed and integrated
in the statistical framework. Instead, a range of natural widths that can be excluded with the
NWA limit with a bias on the yield of less than 10 and 20% was presented.

The allowed width range is computed by calculating the fit bias from fitting a non-narrow-
width signal+background sample with the narrow-width model. Asimov datasets consisting of
a background component modelled by

Jokg(may) = (1 — 1/'1/3)4'0993_3'8, T =My /s (8.10)

and a signal component with varying width are generated for each mass point in the range
200 < mx < 1600 GeV. % For each Asimov dataset, 7353 background events were generated,

5The parameters of the background function are obtained from a background-only fit to the preliminary 2015
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Figure 8.19: 95% CL upper limits on the fiducial cross-section of a spin-0 resonance as a function
of the assumed mass, for different values of the decay width divided by the mass.

and the number of signal events is the expected number of events for a resonance having a
cross-section equal to twice the expected NWA limit.

Figures 8.21 and 8.22 show respectively the fitted nuisance parameter associated to the
uncertainty on o¢p, 0., and the bias on the number of fitted signal events for each mass point
as a function of the injected resonance width. The range of acceptable widths for the signal
model is defined such that the bias on the fitted signal yield is kept below 10 or 20%. The
acceptable width ranges extracted from this plot are shown in Figure 8.23 as a function of the
resonance mass mx.

The bias on the number of fitted signal events using the NWA signal parameterisation
is found to be smaller than 10% (20%) for a natural width between I'x /mx = 0.4 — 0.7%
(Fx/mX =1.0—- 1.7%).

8.8.5 Checks on Asymptotic Approximation of p-value

For the spin-0 analysis, the smallest p-value at the assumed mass and width corresponding to
the largest deviation from background-only hypothesis is checked using an ensemble of pseudo-
experiments. The observed test statistic ¢, " is 15.3. Using asymptotic formula, the local

data as presented in December 2015. As such, the background parameters, the number of background events and
the search range are slightly different to what presented in Section 8.8.1.

152



8.8. Results

10° g T T T T T T 10° T T T T T T T
F—— Observed CL¢ limit  ATLAS 3 F—— Observed CL¢ limit  ATLAS 3
[ ----Expected CL, limit  {5=13Tev,321b? ] [ ----Expected CL;limit  y5=13Tev, 3.2 ]
L [ Expected + 1o Spin-2 Selection B | [ Expected £ 1o Spin-2 Selection R
Expected * 20 . — Expected + 20 . -
102 —— pp-G*oyy G*-vyy, k/M,, =0.01 102 —— pp-Groyy G*-~vyy, k/IM,, =0.10

USSR R
1 llHHM
|

95% CL limits on 0xBR(G* - yy) [fb]
95% CL limits on 0xBR(G* - yy) [fb]

10 3 10¢ 3

1 1= E

A W T T D P e I T DT . VI P

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

mg. [GeV] mg. [GeV]

(a) (b)
5 10®F e 5 10®F e

= F—— Observed CL¢ limit  ATLAS B = F—— Observed CL¢ limit  ATLAS B

z [ ----Expected CL;limit 5= 13Tev, 3.2 ] z [ ----Expected CL;limit  y5=13Tev,3.2fb? ]

g | . Eig:gsg f ;‘3 Spin-2 Selection B A I - Eig:ggg f ;‘3’ Spin-2 Selection R

g/ 107} PP G yy Gy, kiMp =020 % 102 PP G yy G oy kM, =030

o = E o F E

X | X 7

o N o} 7

c | c 7
<] 5]

£ 10 = o 10 -

E F ] E F ]

_ L ] o L ]

(@] - 4 (@) L i
X N

0 1= 0 1= H

o E E o E E

T I T D P T PR . S N T T D P T PR T
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
mg. [GeV] mg. [GeV]
(c) (d)

Figure 8.20: 95% CL upper limits on the production cross-section of an RS graviton as a
function of the assumed mass, for different values of k/Mp). The predicted cross-sections times
branching ratio to two photons for the RS graviton model, computed at LO, are also shown.
The uncertainty in the cross-section values represent the PDF uncertainty.
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Figure 8.21: Fitted nuisance parameter 6, as a function of the injected signal width, for 200 <
mx < 1600 GeV.

208 p-value is 4.6 x 1075 or in terms of significance, 3.91¢.

3209

4.5 million background-only pseudo-experiments are generated to test the mx = 749 GeV,
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Figure 8.22: Bias on the number of fitted signal events as a function of the injected signal width,
for 200 < myx < 1600 GeV. The dashed line shows the acceptable limit of 10% for the fit bias.
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Figure 8.23: Range of natural signal widths compatible with the fiducial limits presented in the
December 2015 CONF note [119], as a function of the resonance mass mx.

I'x/mx = 6% hypothesis. The distribution of ¢;"“? is shown in Figure 8.24. The distribution
can be approximated with a x? distribution with one degree of freedom. Counting the fraction
of events above the observed t,"“’?, the local p-value is 3.9 & 0.29 x 107°. The uncertainty
on the p-value is statistical and arises from the limited number of pseudo-experiments. This
corresponds to local significance of 3.95+0.020. The p-value obtained using asymptotic formula
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is thus a good approximation.

o 5 10 15 20 25 30

Figure 8.24: Distribution of the test statistic t5 " obtained from pseudo-experiments (his-
togram). Only positive values of the test statistic are shown. A x? distribution with one degree
of freedom (red curve) has been overlaid to show the validity of asymptotic approximation.

8.9 8 TeV Re-analysis

Searches for diphoton resonances with 8 TeV data have been reported in [126] and [127]. Given
the presence of an excess around 750 GeV in 2015, the compatibility with 8 TeV results is
checked.

The 8 TeV data recorded in 2012 with an integrated luminosity of 20.3 fb~! is re-analysed
with the final Run 1 calibration as described in Ref. [61]. This is to ensure the calibration is
similar to ease comparison of the two datasets. The selections are unchanged with respect to
those in the original publication ( [126,127]). In particular, in the spin-2 analysis, both photons
are required to have a transverse momentum greater than 50 GeV. The isolation requirements
are also different in both selections.

In the original publication, the spin-0 search at 8 TeV was performed only up to a diphoton
invariant mass of 600 GeV due to the sliding window background modelling method. In this
method, the fit is performed in a window of m,, around the tested mass. For each mass
hypothesis, an upper sideband is needed to constrain the background fit, hence the search was
only performed up to 600 GeV. In order to compute the compatibility with 13 TeV data, the
search is extended up to 2000 GeV.

The signal and background modelling follow those used in the 13 TeV analysis. For the
large-width part of spin-0 search, no MC samples were available. Therefore, the line shape was
not fully validated and the fiducial C'x factors are inferred from the narrow-width Cx factor
and the line shape assumption. This is described in some details in Section 8.9.1. The results
of the 8 TeV re-analysis are presented in Section 8.9.2.

8.9.1 Large-Width Scalar Signal and Fiducial Correction Factor

Large-width spin-0 signal modelling at /s = 8 TeV follows those from 13 TeV analysis. The
same line shape parameterisation as in Eq. 7.30 is used where the gluon-gluon luminosity is
computed at a centre-of-mass energy of 8 TeV. The theoretical line shape is validated with
truth-level samples generated with POWHEG. It is assumed that the convolution of the detector
resolution obtained from narrow-width samples with the theoretical line shape would yield a
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good description of the reconstructed line shape, as it has been demonstrated on the 13 TeV
MC samples.

For the large-width scalar model, the fiducial mass volume of mx —2I'x < m%“c <mx+2I'x
is applied on top of the NWA case, the same as for the 13 TeV analysis. The numerator of the
Cx factor is determined from a signal + background fit of the large-width sample combined
with an Asimov background component, as done in Section 8.5.2. The number of injected signal
events is chosen to be twice the expected upper limit on the event yield.

As there is no large-width sample available for this study, the extraction of C'x factors is
therefore based on pseudo-samples. Those pseudo-samples containing information on the true
and reconstructed masses are generated from the parameterisation of the theoretical line shape
as implemented in POWHEG and its convolution with the detector resolution respectively. The
resolution function is extracted from the narrow-width sample at /s = 8 TeV.

To use pseudo-samples to determine the large-width C'x factors, the Cx factor as defined
in Section 8.5.1 is factorised for the large-width case:

CX _ Nselection % freco (8 1 1)
Nacceptance fﬁduciaul

where Ngelection ad Nacceptance are as defined in Section 8.5.1, frec, is the fraction of reconstructed
events fitted by our large-width signal parameterisation from a signal plus background fit, and
fhducial 18 the fraction of signal events within the fiducial mass volume.

Nelection/ Nacceptance i the definition of narrow-width Cx factor which neither include a fidu-
cial mass volume nor taken from the number of fitted signal events. freco/fqucial T€Presents the
correction on top of narrow-width Cx factor definition for the large-width case. It corrects the
Ngelection to the number of fitted signal events and adding a fiducial mass volume to Nacceptance-

freco and fgaucial are determined in the exact same way as with fully-simulated MC samples,
but using pseudo-samples instead. fieco is obtained from the fraction of reconstructed signal
events from signal4+background fit of a sample combining an Asimov background component
with the signal events from pseudo-sample at given mass and width weighted such that the
total number of signal events is twice the expected upper limit on the event yield. fgqucial iS
computed from the fraction of signal events within the fiducial mass volume from the true mass
distribution of the pseudo-sample at a given mass and width.

From the 13 TeV samples, it is observed that Ngelection/Nacceptance from narrow-width MC
samples is very similar to those from the large-width MC samples. To estimate the Cx factors for
a large-width scalar model, the Ngelection /Nacceptance from narrow-width samples is multiplied by
freco/ffiducial calculated from pseudo-samples with resonance mass of 500, 750, 800 and 1000 GeV
with few width scenarios (5, 7 and 10 % except 750 GeV where widths of 3, 6 and 10 % are
used).

This estimation of C'x factors using pseudo-samples has been checked at 13 TeV and yields
consistent results to the Cx factors calculated using fully-simulated MC samples. Thus, the
estimation of large-width Cx factors using pseudo-samples at 8 TeV is justified. Figure 8.25
illustrates the parameterisation of the Cx factors for large-width scalar signals for the 8 TeV
re-analysis. Very little width dependence is seen and the same parameterisation of C'y factors
for widths up to 10 % is used.

8.9.2 Compatibility between 8 TeV and 13 TeV Data

The invariant mass distributions of the 8 TeV data recorded in 2012 is shown in Figure 8.26 for
the two selections. In the search optimised for a spin-0 resonance, checking for excess at the
mass and width of the largest deviation in 13 TeV data, a small excess is seen in the 8 TeV
data, corresponding to 1.9¢0 local significance. For the spin-2 search, no excess is observed at
the mass and width of the largest deviation in 13 TeV data.
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Figure 8.25: Cx factor as a function of mx for the large-width scalar models.
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Figure 8.26: Distribution of the diphoton invariant mass in 8 TeV data passing the (a) spin-0
and (b) spin-2 selections defined in the 8 TeV publication. Background-only fit to the data is
shown in red. There is no data event with m., above 2 TeV.

To evaluate the compatibility of the excess near mass of 750 GeV between the 8 TeV and
13 TeV data, a common signal model is assumed. For a particle of mass 750 GeV produced in an
s-channel process, the cross-section is expected to increase by the ratio of the parton luminosity
at /s = 13 TeV to 8 TeV. The increase in cross-section is estimated with the MSTW2008NLO
PDF set to be 4.7 for a gluon-gluon initial state and 2.7 for a light quark-antiquark initial state.
These numbers are consistent with the increase predicted by the PDFALHC15 NNLO PDF set.

The compatibility of the results at 8 TeV and 13 TeV is estimated from a combined analysis of
both datasets, accounting for correlations in systematic uncertainties in particular for the photon
energy scale. The compatibility between the two datasets is quantified using ogev /013 Tev as
parameter of interest.

Assuming a signal with mass mx = 750 GeV and 'y /mx = 6%, the difference between the
8 TeV and the 13 TeV results passing the spin-0 selection corresponds to 1.20 if gluon-gluon
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production is assumed, and 2.1¢0 for quark-antiquark production. For the analysis optimised
for a spin-2 resonance, assuming signal mass of 750 GeV and k/Mp; = 0.2, the difference
corresponds to 2.7(3.3)o for gluon-gluon (quark-antiquark) production.

8.10 Studies on Categorisation

Categorisation is a way to increase the sensitivity of the analysis by splitting the samples into two
or more categories with at least one having better mass resolution or higher ratio of signal over
background. Aside from increasing the sensitivity, categorisation also provides a measurement
of the properties of the excess, if any, as a higher significance in a category indicates a more
prominent contribution of the excess in that category.

Some studies on categorisation were performed before 2016 data was taken in order to
enhance the discovery potential. If the excess was due to new physics, categorisation would also
provide some information on its properties, such as spin, production mode, etc.

In the following, the categorisation studies are performed assuming a signal at 750 GeV.
Only the spin-0 resonance is considered and the resonance is assumed to have narrow width for
simplicity and to test the potential of resolution-based categories.

8.10.1 Resolution-Based Categories

The SM H — ~+ analysis profits from resolution-based categories. At 125 GeV, the signal-over-
background ratio is very small; an improvement in the resolution in certain categories boosts
the sensitivity of the search.

In the context of the high mass search, I tried to define categories that classify events in
terms of the mass resolution. One of the simplest criterion to define the categorisation is the
pseudorapidity of the photon candidates. In general, photon candidates in the central part
of the detector are better reconstructed than those in the forward region due to the smaller
amount of material and finer segmentation in the calorimeter.

One could define categorisation based on simple cut on the photon pseudorapidity. To define
a categorisation that have the best separation of the mass resolution, multivariate analysis
(MVA) techniques were employed to identify regions of detector with different resolution. The
input variables are the absolute pseudorapidity and transverse momentum of both photons,
while the target variable is the difference between the reconstructed diphoton invariant mass
and the true invariant mass. The 750 GeV NWA MC sample is used in the MVA training.
Both BDT and multilayer perceptron (MLP) methods are tested. It is found that the photon
transverse momenta are not discriminant, likely due to the hard spectrum of photon pr for an
assumed 750 GeV scalar resonance. For a given pseudorapidity, the photon energy resolution is
dominated by the constant term at high pr. Hence, the transverse momenta are dropped and
only the pseudorapidity of the two photon candidates are retained in the MVA. Both BDT and
MLP perform similarly well. MLP was chosen ultimately as the regions in photon pseudorapidity
distribution with good and poor resolution are identified in such a way that the categorisation
based on MLP score can be replaced with a simple cut on the photon pseudorapidity instead
(see Figure 8.27).

The sample is divided into three categories based on the MLP scores, with equal amount of
events in each category. The lower the MLP score of an event, the better the mass resolution
is in that event. Three categories are thus defined: one with low MLP score and excellent
resolution, one with medium MLP score and moderate resolution, and the other one with high
MLP score and poor resolution. Figure 8.27 shows the distribution of low, medium and high
MLP scores against the absolute pseudorapidity of the leading and subleading photons.

The signal shape in each category is parameterised with a DSCB function. The Crystal Ball
width and the fraction of signal events obtained from simulation are presented in Table 8.3.
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2.

|
Figure 8.27: Distribution of MLP scores which is an estimate of the mass resolution as a function
of the absolute pseudorapidity of the leading photon, |7,1| and of the subleading photon, |7,2|.
The category with the lowest MLP score and having the best resolution (MLP1) is shown in
black, the category with medium resolution (MLP2) shown in red and the one with the worst
resolution (MLP3) in blue.

8.10.2 Signal-over-Background Ratio-Based Categories

Categories based on the ratio of the number of signal events to the number of background events
can also improve sensitivity. This relies on an assumption of the signal model and properties of
the resonance. Examples of categories sensitive to the properties of a potential signal are the
number of jets”, sensitive to the production process and the decay angle of the photons in the
resonance rest frame, cos 8*, sensitive to the spin.

Given the generic search and lack of motivation for any particular signal properties, these
types of categorisation are not studied here. In the case of discovery, such a categorisation can
be pursued.

8.10.3 Method

To study the improvement in sensitivity, one needs the signal and background shape, as well as
the signal and background fraction in each category. Once known, an Asimov dataset can be
generated and the expected significance is computed per category. The improvement in sensi-
tivity is evaluated by comparing the combined significance to the significance in the inclusive
case.

The signal shape and fraction in each category are obtained from signal MC. A dedicated
signal shape parameterisation is performed for each category. The background shape and nor-
malisation can be estimated from either MC or data. In the inclusive analysis, the background
modelling is data-driven. However, a data-driven background estimate for the categorisation
study suffers from low statistics while an MC-based estimation relies on a reasonably accurate
description of the data by the MC. In both cases, the functional form approach described in Sec-
tion 8.3.4 is used to model the background. For each category, the chosen function is validated
on LLO SHERPA v~ samples alone. For simplicity, the background template the function is vali-
dated on is built with only irreducible background and without correcting for NLO effects. The
spurious signals are evaluated per category using the expected number of background events.

In the data-driven estimation, the fraction of background events in each category is obtained
from data by counting the events passing all selection cuts and with invariant mass greater than
150 GeV. A signal+background fit is performed on data simultaneously in all categories, and

"If the resonance is produced preferentially via vector boson fusion, the signal-over-background ratio in the
two-jet category could be high.
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the background prediction in each category is taken from the background component of the
fit. In the MC-based background estimation method, the fraction of background events in each
category is taken from LO SHERPA simulation and the background shape is also fitted on the
simulated v background sample.

In both background estimation methods, the total number of background events is set to
7391, corresponding to the total number of events of the events passing the spin-0 selection in
2015 data. The Asimov dataset is generated from the background estimation (either MC-based
or data-driven) along with some amount of signal events at 750 GeV assuming a narrow-width
signal. Using the Asimov dataset, the p-value is computed at 750 GeV with the narrow-width
hypothesis. The combined local pg significance from all the categories is compared to the local
po significance in the inclusive case.

8.10.4 Results

In parallel to the MLP-based categorisation, another categorisation inherited from the SM
H — ~v analysis which divides the sample into Central-Central and Rest category is tested.
The Central-Central category contains events where both photons are in the central region
defined by |n| < 0.75. All other events are grouped in the Rest category.

Table 8.3 shows the mass resolution in terms of the width of the DSCB function and the
fraction of signal and background events in each category from MC for the two tested categori-
sations. Using the MC-based background, both the MLP-based and the Central-Central /Rest
categorisation do not improve the sensitivity of the search as the combined pg significance is
comparable to the inclusive case. Since the more sophisticated method, MLP-based categorisa-
tion, does not bring any visible improvement compared to a simpler category definition based
on the photon pseudorapidity, only the latter is used in the following.

. fBkg fBkg fData
Category  ocs [ GeV fSi9 450 5000 GeV)  (700-800 GeV)  (150-3000 GeV)
MLP1 4.60 33.3% 21.6% 22.9%
MLP2 5.21 33.3% 26.9% 28.8%
MLP3 6.57 33.3% 55.5% 48.3%
Central-Central 4.66 36.1% 21.5% 22.7% 20.9%
Rest 5.86 63.9% 78.5% 77.3% 79.1%

Table 8.3: Width of the double-sided Crystal Ball function ocp describing the signal shape in
each category, fraction of signal events fSig and fraction of background events fBkg, all ob-
tained from simulations. For the background, the LO SHERPA -+ prediction (without reducible
background components) is used. The fraction of events in each category as obtained from data,
fData, is also shown.

The Central-Central /Rest categorisation is further tested using data-driven background es-
timation and a sizeable improvement is observed. To understand the difference, the background
predictions from both methods are investigated further. The fraction of background events in
the Central-Central and Rest categories predicted by LO SHERPA v simulation and that by
data with m,, € [150,3000] GeV is found to be similar. However, the background prediction
in m.~ € [700,800] GeV in the Central-Central category is found to be lower when estimated
from data compared to simulation, leading to an increase in sensitivity.

Leading-order diphoton MC alone is not expected to describe the data well since the re-
ducible background contribution is sizeable and NLO corrections are not negligible. On the
other hand, the data-driven estimation suffers from low statistics especially in the Central-
Central category which only accounts for ~ 20% of the total statistics. The amount of back-
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ground near the mass of 750 GeV determines the sensitivity of the search. Since there is only
a handful of events above 750 GeV to constrain the fit to data, this results in an unreliable
background estimate in that region.

Comparing NLO DirPHOX prediction to LO SHERPA, DIPHOX is found to predict a harder
m~~ spectrum. This actually worsens the agreement between the background shape obtained
from data compared to MC when the LO SHERPA vy MC is reweighted with NLO k-factor
from D1pHOX. The fraction of background events in the Central-Central category with m.,, €
[150,3000] GeV is found to be 18.5% as DIPHOX predicts more diphoton events in the forward
pseudorapidity than LO SHERPA which predicts 21.5%.

Adding the reducible background component obtained from data control regions to the
DipHOX reweighted vy MC with the same purity in both categories as obtained for the inclusive
case, the overall background shape is found to be quite similar to using LO SHERPA prediction
alone. The m., spectrum is slightly harder in both categories compared to leading-order only
prediction as observed in Figure 8.28. The background prediction near 750 GeV in the Central-
Central category is still different from the data-driven method when the reducible background
component and NLO corrections are added.
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Figure 8.28: m., spectrum in the (a) Central-Central and (b) Rest category as predicted by
LO SHERPA ~y MC is shown in red. Black line shows the prediction from DiPHOX along with
reducible background.

Finally, the background shapes in the two categories from the fit to data or from MC-based
prediction using LO SHERPA ~+ prediction are compared. The result is shown in Figure 8.29. In
the Rest category, the agreement of the background prediction from both methods is fair while
in the Central-Central category, a noticeable difference is observed. The MC-based background
estimation fails to describe the m., distribution in data well while the background function
fitted on data has insufficient upper side band to constrain the fit. The excess around 750 GeV
is particularly prominent in this category and can change the background fit assuming either the
presence or absence of a signal at 750 GeV. However, given the low statistics, it is inconclusive
whether MC or function fitted on data provides the most accurate description.

If the data is not divided into categories, LO SHERPA MC manages to describe the data
fairly well. Nonetheless, discrepancies emerge when the data is split into 7 categories or into low
and high mass range. Figures 8.30 shows the good agreement in photon 7 distribution in data
compared to LO SHERPA MC passing the spin-0 selection and with m,, > 150 GeV. When the
diphoton invariant mass is restricted to higher mass range, the events in data tend to populate
the more forward region in 7. An invariant mass cut of 400-700 GeV is chosen in Figure 8.31
so as not to include any bias from a possible resonance at 750 GeV.

161



Chapter 8. Search for Diphoton Resonances at /s = 13 TeV with 3.2 fb~! Recorded in 2015

% -I T LI T T T T T %\
O  10°F Q
o E o
Y F Y
-~ 10 =
2 £ 2
c E c
2 1k ‘ ‘ g
] E % I
10 ¢
F K
107E o
F *
F *
10°E o° I
2-00 400 600 800 1000 1200 1400 1600 1800 200 400 600 800 1000 1200 1400 1600 1800
m,, [GeV] m,, (GeV)
g 20 o 20y
ol S
gf OLJW‘-““‘ § o ‘#.MA‘MAMAA eevessdi,

200 400 600 800 1000 1200 1400 1600 1800 200 400 600 800 1000 1200 1400 1600 1800
m,, [GeV] m,, [GeV]

Figure 8.29: m. distribution in data overlaid with the background template obtained from
LO SHERPA 7~ and the signal+background fit with functional form in blue. The left plot
shows the m., distribution in the Central-Central category whereas the distribution in the
Rest category is shown on the right. The bottom panel shows the difference between the data
and the background template (red) and between the data and the fit (blue). The uncertainties
on the difference between the data and the background template are not plotted.

o,os:.+..,....,....,....,....: o,os:...._+._+._..,....,....,....:
0.07F = 0.07k t =
0.06f- E 0.06F E
0.05F = 0.05F =
0.04F E 0.04F E
- 4 . - +
0.03F + 3 0.03F + 3
0.025_ — LO Sherpa _f 0.025_ _f
s — data B r ]
0.01F . 0.01F =
P I B A P I B A

<
=

0.5 1 15 2 2.5 0.5 1 15 2 2.5
2 V.2
Ing,| g, |

S2

Figure 8.30: Distribution of pseudorapidity of the leading (left) and subleading (right) photon in
simulation (black) compared to data (red). The events are required to pass the spin-0 selection
and have invariant mass greater than 150 GeV. Both plots are normalised to unity.
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Figure 8.31: Distribution of pseudorapidity of the leading (left) and subleading (right) photon in
simulation (black) compared to data (red). The events are required to pass the spin-0 selection
and have invariant mass between 400 and 700 GeV. A wider binning than that in Figure 8.30
is chosen due to the low statistics in data. Both plots are normalised to unity.

8.11 Conclusion

Based on the first 3.2 fb~! of 13 TeV data recorded in 2015, the search for high mass diphoton
resonances is carried out. Two searches are performed: one optimised for spin-0 resonances
and the other for spin-2 RS graviton. An excess is observed near a mass of 750 GeV with a
best-fit width of around I'x /mx=6%, corresponding to a local significance of 3.9¢0 and 3.8¢ in
the spin-0 and spin-2 searches respectively. The global significances are estimated to be 2.1¢ in
both searches.

Given the apparent large width of the excess, the resonance shape studies performed in this
thesis are essential to extend the search to large-width resonances. A similar search for high
mass diphoton resonances using the data recorded in 2015 by the CMS experiment also showed
an excess in the same mass range [128]. Nonetheless, the excess seen in the CMS dataset is more
compatible with the narrow-width hypothesis. The excess could well be a statistical fluctuation
of the data, hence the analysis of 2016 data in the next chapter is indispensable to check if the
750 GeV excess remains.
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Chapter 9

Search for Diphoton Resonances at

/s = 13 TeV Updated with 2016
data

As described in the previous chapters, in the search for high mass diphoton resonances at /s =
13 TeV with 2015 data, an excess around 750 GeV was observed. This sparked a huge interest
in the high energy physics community. Such an excess could be a much sought-after sign of new
physics, or simply a statistical fluctuation. In order to establish the origin of this excess, the
search is updated with 2016 data which has much higher integrated luminosity. In this chapter,
an update of the high mass diphoton resonance search is performed using both the 2015 and
the first half of 2016 datasets as presented in the 38th International Conference on High Energy
Physics in August 2016 [129].

My main contributions to the analysis are investigating the new scalar signal model and
modelling of the large-width line shape for scalar and graviton model. In the same manner as
in the analysis using 2015 data, I was also responsible for the statistical analysis on the spin-0
resonance search. In addition, I also performed several checks on the functional form-based
background modelling, kinematic distributions and statistical results.

The updated analysis uses similar techniques and the selection requirements are unchanged
with respect to the previous analysis using 2015 data presented in Chapter 8. The changes with
respect to the 2015 analysis are reported in Section 9.1. The results are discussed in Section
9.2. Checks on photon pseudorapidity distributions in data compared to simulation and the
comparison of the background shapes between the two years are shown in Section 9.3.1 and
9.3.2 respectively. Finally, the upper limits computed with asymptotic formulae are checked
against the results using toy Monte Carlo in Section 9.3.3.

9.1 Changes with Respect to 2015 Analysis

The analysis uses 3.2 fb~! and 12.2 b~ of pp collisions at /s = 13 TeV data collected by ATLAS
in 2015 and first half of 2016 respectively. The measurement of the integrated luminosity has
an uncertainty of +£2.1% for the 2015 data and a preliminary uncertainty of +3.7% for the 2016
data. The preliminary uncertainty on the combined 201542016 integrated luminosity is +£2.9%.
These are based on the beam-separation scans performed in August 2015 and May 2016. The
luminosity uncertainty for the 2015 data is improved with respect to the preliminary uncertainty
quoted in Section 8.6.

Due to the higher pile-up in the 2016 data, more work is needed to complete the analysis in
the extended acceptance of the spin-2 selection. The spin-2 search using 2016 data is thus not
presented.
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9.1.1 Changes in Reconstruction Software Release

One of the major updates with respect to the 2015 analysis is in the reconstruction software. The
changes include small improvements in the reconstruction and selection of converted photons
and in the photon energy calibration. The 2015 data and simulated samples presented in the
previous chapter have been reprocessed with the same reconstruction software as used for the
2016 data processing.

For the converted photons, all the tracks associated to the reconstructed photon conversion
vertices are excluded from the pi:ﬁo computation. This gives a better track isolation variable
definition for photons which undergo significant interactions in the early part of the inner
detector. It improves the efficiency for genuinely converted photons by a few percent and
makes the efficiency less pr-dependent. The same requirement on the track isolation variable
(pl° < 0.05 x Er) as used in 2015 is retained in the analysis.

The cuts used for photon conversion reconstruction were retuned following a change in the
TRT particle identification tool to use the local occupancy in the detector to correct for pile-
up effects. In addition, the GSF track momentum fit was changed to correct for a small bug
present in the previous release. The training of the MVA energy calibration was redone to take
into account these changes. The MVA energy calibration was also retrained in the crack region

(1.425 < |n| < 1.55) to use consistently the crack scintillator in the calibration.

9.1.2 Pile-up

The average number of pp interactions per bunch crossing was 13.7 in 2015 but it has increased

to 23.2 in 2016. The peak instantaneous luminosity in this dataset reaches 1.2 x 103* cm™2s~!

which is higher than the design instantaneous luminosity, as shown in Figure 9.1.
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Figure 9.1: Luminosity-weighted distribution of the mean number of interactions per bunch
crossing for the total 2015 pp collision data and the 2016 data recorded from 16 April - 25 July
(ICHEP dataset). All data delivered to ATLAS during stable beams is shown.

Both the photon identification and isolation requirements are slightly sensitive to the pile-up
activity, with a +4% (+1.5%) expected difference for the combined identification and isolation
efficiency for 100 GeV (300 GeV) Er photons for the data taking conditions in 2015 compared
to those in 2016 dataset.

9.1.3 Signal Modelling

The PowHEG Higgs-like signal model has been replaced by a scalar singlet model using an
effective field theory (EFT) approach in MG5_AMC@NLO, in order to have a more model-
independent description of the large-width resonance shape, as mentioned in Section 7.2.3 and
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7.3.2. The comparisons of the two line shapes are shown in Figure 7.17 for I'x /mx = 10%.
The asymmetry of the mass tail distribution as well as the mass peak position has changed,
resulting in a slight modification to the statistical results.

The DSCB function is once again used to model the detector resolution from the
NWA MG5_AMC@NLO samples. Using the same 2016 reconstruction software to pro-
cess both POWHEG and MG5_AMC@NLO samples, the NWA mass distributions are very
similar between the two models, as expected. Convolving the detector resolution to the
MG5_AMC@NLO theoretical line shape as derived in Section 7.3.2, good agreement with the
reconstructed mass distributions in the MC samples is found. The validation of the convolution
on the MG5_AMCQ@NLO samples using the MG5_AMC@QNLO EFT theoretical line shape is
shown in Figures 9.2, 9.3 and 9.4 for resonance mass values of 400, 750 and 1600 GeV.
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Figure 9.2: Reconstructed m., distributions of a resonance with mx=400 GeV and width
of 2% (left), 6% (centre) and 15% (right) of the mx value. The solid blue line which shows
the convolution of the theoretical line shape with the detector resolution is overlaid with the
reconstructed mass of the MG5_AMC@QNLO sample passing spin-0 selection.
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Figure 9.3: Reconstructed m., distributions of a resonance with mx=750 GeV and width
of (2% (left), 6% (centre) and 15% (right) of the mx value. The solid blue line which shows
the convolution of the theoretical line shape with the detector resolution is overlaid with the
reconstructed mass of the MG5_AMC@NLO sample passing spin-0 selection.

The large-width signal shape is modelled with the convolution of a DSCB function describing
the detector resolution and the theoretical line shape in Eq. 7.42. The full line shape including
the tail distribution is used in the statistical model. This is in contrast to the DSCB function
used to model the resonant part of the POWHEG signal shape in the previous iteration of the
spin-0 analysis.

Although the spin-2 analysis has not been finalised, the signal modelling was studied and
changed to using the line shape parameterisation in Section 7.5. The MC samples have been
reprocessed with the reconstruction software used in 2016 but no replacement to the samples
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Figure 9.4: Reconstructed m,, distributions of a resonance with mx=1600 GeV and width
of 2% (left), 6% (centre) and 15% (right) of the mx value. The solid blue line which shows
the convolution of the theoretical line shape with the detector resolution is overlaid with the
reconstructed mass of the MG5_AMC@NLO sample passing spin-0 selection.

generated with PYTHIA version 8.186 which has an erroneous §/ m% factor in @ — G* cross-
section was made, since a flat mass sample is used in most cases.

9.1.4 Signal Efficiency

The signal efficiency has been recomputed with the MG5_AMCQ@NLO samples. The fiducial
volume is unchanged except for the removal of the mass window for the large-width fiducial
definition.

Due to the different photon isolation and identification efficiency in 2016 compared to 2015
as a result of the higher pile-up in 2016, separate Cx factors for 2015 and 2016 are computed
(see Section 8.5.1 for definition). This is achieved by reweighting the pile-up profile in MC to
match that in the 2015 or the 2016 data. The C'x factors are computed using all available MC
samples. They are found to be similar between the narrow-width and the large-width signals.
Therefore, the narrow-width C'x factors are used to derive a parameterisation as a function of
the mass, as shown in Figure 9.5 for the 2016 dataset.
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Figure 9.5: Cx factors computed using the MG5_AMCQNLO scalar singlet samples as a
function of myx for 2016 dataset. In the samples, the pile-up profile is reweighted to match that
of 2016 data. The Cx factors are shown for NWA (red), I'x /mx = 2% (blue), I'x/mx = 6%
(black), I'x /mx = 10% (brown) and I'x /mx = 15% (purple).

The production mode uncertainty on the Cx factors is +2.1%. For the large-width case,
the small difference between the Cx factors computed at different widths is taken into account
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as an additional uncertainty, which has a value of +£1.9%. This uncertainty is combined in
quadrature with the production mode uncertainty to obtain a theory uncertainty of +2.8% on
the C'x factor in the large-width case.

The experimental uncertainties in C'y consist of the uncertainties in the photon identification
efficiency (£2 to 3% depending on the assumed mass), the photon isolation efficiency (£1 to
4% depending on the mass), the trigger efficiency (£0.6%) and the luminosity uncertainty.

9.1.5 Miscellanea

The data sample composition has been measured in the combined 2015 and 2016 dataset with
similar techniques as described in Section 8.3.3. The average purity of the spin-0 selection
is QOﬁO%. The reducible background shape has been updated with the combined 2015 and
2016 data with higher statistics resulting in a more accurate and reliable determination of the
background shape.

The same functional form with two parameters described in Eq. 8.2 is chosen to model the
total background. The spurious signals have been re-evaluated using a background template
built with the updated purity, reducible and irreducible backgrounds, corresponding to an
integrated luminosity of 16 fb~! expected for the combined dataset. In order to satisfy the
spurious signal criteria (less than 30% of the statistical uncertainty in the fitted signal yield
over the full mass range), the function is fitted to data in the range m,, > 180 GeV. For the
analysis of 2015 data alone, the fit range starts at 150 GeV, as in the analysis described in
Chapter 8, in order to increase the number of events in the low invariant mass sideband and
improve the precision of the fit results. For the analysis of the combined data, the 2015 and
2016 data are fitted simultaneously from 180 GeV.

The search range is defined to be 200-2400 GeV in mass mx and 0-10% in relative width
I'x /mx. The upper search range is extended as higher diphoton mass events are expected from
the higher integrated luminosity.

9.2 Results

The 2015 data reprocessed with the improved photon reconstruction algorithm have been re-
analysed with the above changes. This results in the local significance of the largest excess
decreasing from 3.90 to 3.40. Due to the change in signal model and the migrations of events in
the invariant mass distribution, the corresponding signal mass and width with largest deviation
from background-only hypothesis have also changed, from a mass of 750 GeV and a relative
width of 6% to a mass of 730 GeV and a relative width of 8%.

The decrease in the local significance of the excess is mainly due to two events affected by
the new reconstruction algorithms. In one of these two selected event, one of the two photon
candidates is at |n| = 1.53, where the improved calibration of photon candidates near the
transition region of the electromagnetic calorimeter changes the diphoton invariant mass from
757 GeV to 722 GeV. In the second event, one track previously associated to one of the two
selected photon candidates is not considered as originating from the photon conversion due to
the change in the photon conversion reconstruction. Therefore, the track enters the calculation
of the track isolation. This photon candidate thus fails the track isolation requirement and the
event no longer passes the selection.

The diphoton invariant mass distribution together with the background-only fit is shown
in Figure 9.6a for events selected in the reprocessed 2015 dataset and in Figure 9.6b for the
2016 dataset. The 2015 and 2016 datasets are combined, and the diphoton invariant mass
distribution of the selected events is shown in Figure 9.7.

In the 2016 data, no significant deviation from the background-only hypothesis is observed
near 730 GeV, the mass of the most significant excess in the 2015 data. The diphoton mass
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Figure 9.6: Invariant-mass distribution of the selected diphoton candidates, with the
background-only fit overlaid, for (a) 2015 data and (b) 2016 data. The difference between
the data and this fit is shown in the bottom panel. The arrow shown in the lower panel indi-
cates a value outside the range with more than one standard deviation. There is no data event
with m., > 2500 GeV.
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Figure 9.7: Invariant-mass distribution of the selected diphoton candidates, with the
background-only fit overlaid for the combined 2015 and 2016 dataset totalling 15.4 fb~!. The
difference between the data and this fit is shown in the bottom panel. There is no data event
with m., > 2500 GeV.

spectrum for the events selected in the 2016 data is shown in Figure 9.6b.

The compatibility between the 2016 data and the best fit signal associated to the largest
excess in the 2015 data is evaluated by assuming a signal mass and width determined from the
smallest local p-value in the 2015 data. The compatibility is determined using the difference
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between the signal cross-sections extracted from the 2015 and 2016 datasets Ao = g9915 — 02016
as parameter of interest. The two datasets are compatible at the level of 2.7 .

The local p-values testing the compatibility of the combined dataset with the background-
only hypothesis are computed as a function of the signal mass mx and relative width I'x /mx
in the search range. The local significance as a function of mass and relative width is illustrated
in Figure 9.8. Figure 9.9 shows the local p-value as a function of the assumed mass for NWA,
I'x/mx = 2,6 and 10% hypotheses, comparing the results observed with the 2015 dataset only,
the 2016 dataset only and the combined dataset.
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Figure 9.8: Compatibility, in terms of local significance with the background-only hypothesis as
a function of the assumed signal mass mx and relative width I'x /mx for the spin-0 resonance
search using combined data.

The largest deviation over the background-only hypothesis in the combined dataset is ob-
served at a mass of 1600 GeV for the narrow-width hypothesis. This corresponds to a local
significance of 2.4 o, or a global significance of less than 1 ¢. In the 700-800 GeV mass range
where the excess was seen in the 2015 data, the largest local significance is 2.3 ¢ for a mass
near 710 GeV and I'x /mx = 10%.

Figure 9.10 shows the limits on the signal fiducial cross-section times branching ratio to two
photons for a spin-0 resonance as a function of the hypothesised mass and for four different
values of signal width using the combined dataset. Two-dimensional plots of observed and
expected upper limits as a function of the resonance mass mx and the relative width I'x /mx
can be found in Appendix D. In the same appendix, the comparison of the observed limits as
a function of mass using the 2015, 2016 and combined dataset is also shown. The asymptotic
approximation is used to derive the limits (see Section 5.5).
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Figure 9.9: Compatibility with the background-only hypothesis as a function of the assumed
signal mass for different values of relative width for the spin-0 resonance search. The p-value
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using 2015 (2016) data is shown in dotted blue (red) line and the p-value using combined 2015
and 2016 dataset is shown in black line. In (a) a narrow-width signal, with I'x = 4 MeV, is
assumed and the inset shows the p-values for mx between 700 and 800 GeV.
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Figure 9.10: 95% CL upper limits on the fiducial cross-section times branching ratio to two
photons of a spin-0 resonance as a function of the assumed mass, for different values of the
decay width divided by the mass, using the combined dataset.
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9.3 Additional Checks

9.3.1 Checks on the Photon Pseudorapidity

The photon pseudorapidity distribution in 2015 data shows a discrepancy with the LO Sherpa
prediction, as shown in Section 8.10.4. The check on photon pseudorapidity is repeated with
the higher statistics of the 2016 run. Figure 9.11 shows the comparison between the distribution
of the leading and the subleading photon pseudorapidity in 2016 data compared to 2015 data
and simulation. The distributions in 2015 data and simulation are similar to what shown in
Figure 8.31 except for the update in reconstruction software. The discrepancy at large || is
much less evident in the 2016 data.
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Figure 9.11: Distribution of pseudorapidity of the leading (left) and subleading (right) photon in
simulation (black) compared to 2015 data (red) and 2016 data (blue). The events are required
to pass the spin-0 selection and have invariant mass between 400 and 700 GeV. Both plots are
normalised to unity.

Figure 9.12 shows the comparison of the m,, distribution in 2016 data to LO SHERPA
~7 prediction in the Central-Central and Rest category (see Section 8.10.4). The agreement
between the MC prediction and the data is much better than what was observed in Figure 8.29.

9.3.2 Checks on the Background Modelling

The background functional forms obtained from 2015 and 2016 data are compared. The back-
ground shape should be similar between the two years as the same reconstruction algorithm is
used to process the two datasets. The higher pile-up in 2016 could induce some slight reduction
in the efficiency for lower pr photons.

The background shapes from the functional form fit to the two datasets are compared.
Figure 9.13 shows the comparison of the background function as fitted on the 2015 data and
on the 2016 data. A background-only fit is performed on the 2016 data since there is no
significant excess in the dataset. The background shape obtained from 2015 data differs whether
a background-only fit or a signal+background fit is performed, due to the presence of an excess
near 750 GeV. Both types of fit are hence shown. The statistical uncertainty on the background
shape originates from the uncertainty in the determination of the parameters of the function
from the fit to the data. The statistical uncertainty band is obtained from an ensemble of
toy experiments. For each toy, the background normalisation and shape parameters are drawn
randomly from a multivariate Gaussian distribution with the central values defined by the best-
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Figure 9.12: m,, distribution in 2016 data overlaid with the background template obtained
from LO SHERPA 77 (red histogram). The left plot shows the m. distribution in the Central-
Central category whereas the distribution in the Rest category is shown on the right. The
bottom panel shows the difference between the data and the background template.

fit values in data, and the widths defined by the covariance matrix of the fit. In each mass bin,
the uncertainty band is then defined as an interval containing 68% of the toy experiments.
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Figure 9.13: Comparison of the background function as fitted on the 2015 data (black) and
on the 2016 data (red). In (a), a background-only fit is performed on 2015 data and in (b),
a signal+background fit is performed on the 2015 data. The fit range for 2015 data is m., >
150 GeV while it is m,, > 180 GeV for 2016 data. The 2016 background function is normalised
to the background function of 2015 data in the range m.~, > 180 GeV in order to compare the
two background shapes. The bottom panel shows the ratio of the background function fitted
on 2016 data to the 2015 background function. The uncertainty band on the ratio is calculated
from the quadratic sum of the statistical uncertainties on the two background functions.

From the figure, one observes that the 2015 background shape as estimated from the
background-only fit does not agree well with the 2016 data-driven background shape due to
the bias from the 750 GeV excess. When performing a signal+background fit, the background
component in 2015 then agrees better with the background shape in 2016 data.
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9.3.3 Checks on the Asymptotic Limits

Upper limits are set on the fiducial cross-section times branching ratio to two photons as a
function of mass up to 2.4 TeV, at which point there is no observed event. Above 1.5 TeV,
the diphoton mass distribution is sparsely populated and the asymptotic approximation breaks
down. This results in better limits obtained using the asymptotic formulae than expected in
the high mass range, especially for the NWA case where the limits are more stringent than for
the larger widths.

When there is zero number of observed events, one expects to set an upper limit at about
3 events, based on Poisson distribution:

pre t

P(n|p) = T (9.1)

with n=0. Solving P(n = 0|u) = 5% for p gives p = —1In(0.05) = 2.99.

With the asymptotic formulae, the expected (observed) upper limit on the fiducial cross-
section times branching ratio to diphoton for the combined 2015+2016 dataset is 1.66 (1.14) fb
at 500 GeV, 0.50 (0.51) fb at 1000 GeV and 0.22 (0.18) fb at 2000 GeV for the case of NWA.
This is equivalent to a limit on the number of signal events of 18.49 (12.71) at 500 GeV, 5.80
(5.92) at 1000 GeV and 2.56 (2.12) at 2000 GeV. The upper limits obtained at mx = 2000 GeV
appear to be better than what is expected from Poisson statistics.

When the number of observed events is low, one should compute the upper limits using toy
Monte Carlo experiment instead of using the asymptotic formulae. This is however computa-
tionally expensive and not feasible for a fine scan in mass and width such as that performed in
this analysis. Thus, the upper limits at three mass points (500 GeV, 1000 GeV and 2000 GeV)
for a narrow-width hypothesis are checked using toy Monte Carlo to determine how much bias
is induced by using the asymptotic approximation.

The following procedure is used to compute the expected and observed upper limits using
toy Monte Carlo experiment for a given resonance mass and width:

e For each 4 (or fiducial cross-section times branching ratio o4, which is the parameter of
interest in the analysis) hypothesis:

— Evaluate the observed test statistic g, obs-

— Construct f(qGy,|p) (or preferably f(q.|u, é(u, 0bs))), the pdf of observing ¢, by gener-
ating signal+background pseudo-experiments with signal strength p and calculating
G-

— Construct f(G,|0) (or preferably f(g,|0, 9(0, 0bs))), the pdf of observing ¢, by gen-
erating background-only pseudo-experiments and calculating g,,.

— From the constructed distributions, calculate

Pu = / f(‘ju’:“)d% (9.2)
9u,0bs/exp
and ~
m= | @0, (93)
Qu,0bs/exp

where Gy, exp is defined as the median of f(g,|0).

e For the observed limit, find the value of fu,,(0bs) which satisfies pgﬁj = pu/po = 5%.

In this study, the pseudo-experiments are generated with the pre-fit nuisance parameters. Ideally, they

should be with the conditional MLE of the nuisance parameter based on the observed data é(u, obs) including
correlations.
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e For the expected limit, generate background-only pseudo-experiments and find the value
of pup(exp) which satisfies pguLpS = pu/pp = 5%. The median and the £10 and +20 bands
can be evaluated from the distribution of 1i,,(exp).

e Alternatively for the expected limit, find the value of 1, (exp) and g,y (exp£1,20) which
satisfies pgﬁf = pu/pe = 5% with the Gy exp and Gy +1,20 obtained from the median and

quantiles of the f(g,|0) distribution.

Figure 9.14 shows the f(g,|n) and f(g,|0) distributions testing p = o¢q = 1.5 fb. 20,000
pseudo-experiments are generated for each distribution.
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Figure 9.14: Distribution of test statistic f(qu|un) for 4 = o5,q = 1.5 fb in blue and f(g,|0) in
red. The median of f(g,|0) is shown at g, = 3.3. The shaded area corresponds to p,,.

The upper limits obtained using the sampling distributions (f(g,|x) and f(G,|0)) generated
with 20,000 pseudo-experiments are compared to those computed using the asymptotic approx-
imation in Table 9.1. For each mass value, 10 u hypotheses are tested in the evaluation of the
upper limits.

mx [GeV] Asymptotic/Toy g5, [fb] ogsb, [fb] +lo +20
500 Asymptotic 1.14 1.66 1.16, 2.42  0.84, 3.47
500 Toy 1.23 1.67 1.21, 2.40 1.05, 3.35
1000 Asymptotic 0.45 0.50 0.33, 0.78 0.23, 1.19
1000 Toy 0.46 0.51 0.37,0.74 0.34, 1.07
2000 Asymptotic 0.18 0.22 0.13, 0.39 0.08, 0.66
2000 Toy 0.25 0.26 0.25, 0.30 0.25, 0.43

Table 9.1: Comparison of the observed and expected 95% CL upper limits on the fiducial
cross-section times branching ratio to two photons using asymptotic approximation and that
calculated with toy Monte Carlo method. The comparison is shown for mx = 500, 1000 and
2000 GeV with the narrow-width hypothesis. The 1o and £2¢ entries correspond to the
fluctuations in the expected limit, the first (second) value corresponding to the lower (higher)
value defining the +1¢ or +2¢ interval.

The asymptotic approximation is valid for the mx=500 and 1000 GeV hypotheses where
the observed and median expected limits agree with those obtained from toy Monte Carlo. The
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+10 and +20 error bands on the expected limits using the asymptotic approximation differ
slightly from those obtained with sampling distributions. For the mx = 2000 GeV hypothesis
where the asymptotic approximation is not expected to be applicable due to the low statistics,
large variations between the two results are seen. The asymptotic approximation is biased as it
yields an upper limit that is too strict. This bias is negligible at low mass but increases at high
mass. In particular, the limits obtained with toy Monte Carlo do not go below 0.25 fb, which
is the value expected with no event, while the observed limit using the asymptotic formulae is
at 0.18 fb. The upper limits obtained using the asymptotic approximation are biased by up to
30% at high mass.

9.4 Conclusion

The search for high mass diphoton resonances is updated using 12.2 fb~! of data collected up
until July 2016. The result was presented at the ICHEP conference [129]. The 2016 dataset is
combined with the 2015 data, yielding 15.5 fb~! in total. Only the spin-0 resonance search is
presented. The excess observed in the 2015 data near 750 GeV has a lower significance after the
dataset is reprocessed. No excess is observed in the 2016 dataset near this mass value, implying
that the excess seen in the 2015 data is likely to be a statistical fluctuation.

A comparison of the photon pseudorapidity distributions has been performed and the dis-
tribution in the 2016 data does not appear to be very different from the MC prediction. The
background m., shape as estimated from data is compatible between the 2015 and the 2016
dataset. Upper limits on the fiducial cross-section are checked for the NWA hypothesis and
a bias up to 30% is found at high mass from the use of asymptotic approximation where the
approximation is not valid.
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Conclusion

After the impressive success of the LHC Run 1 leading to the discovery of a new boson con-
sistent with the Higgs boson predicted by the Standard Model, the shutdown period presents
an opportunity for consolidation. During this period, upgrade and maintenance work on the
detector were carried out, the software and reconstruction of physics objects were improved, and
many studies were performed in preparation of Run 2 and beyond in light of the new challenges
expected in the next runs. In this thesis, studies on an alternative method to classify photon
conversions are performed and its performance with respect to the current method in a high
pile-up environment assessed. The alternative method based on the electromagnetic shower of
the photon candidates is found to be pile-up robust. It may potentially replace or complement
the current track-based method in the coming years when the pile-up rate is expected to be
high. The performance of the track-based conversion reconstruction in 2012 is also measured
with a similar classification method. It yields a more precise measurement on the efficiency than
previously due to the increased separation of true converted and unconverted photons provided
by the method.

In parallel, a study of the feasibility of the search for a pseudoscalar A boson as predicted
in two-Higgs-doublet models decaying to Zh in the jjv+ final state is performed using the data
collected in 2012 in order to assess its sensitivity compared to the other search channels in
ATLAS. In this search, h is assumed to be the 125 GeV Higgs boson discovered in 2012. The
study concludes that the jjv+ channel is competitive with the {77 final states but less sensitive
to searches with bb final states. As such, the search is not pursued.

The start of the LHC data taking at a centre-of-mass energy of 13 TeV in 2015 signified
a new frontier for beyond the SM physics searches. Making use of the unprecedented collision
energy, the search for high mass diphoton resonances is carried out. The preliminary result using
the full 2015 dataset was presented in a seminar at CERN in December 2015, then updated
with a publication in June 2016. In the 2015 data, an excess is observed near a mass of 750 GeV
with a best-fit width of around 45 GeV. Similarly, CMS also reported an excess in the same
mass range, albeit with a smaller best-fit width. This prompted considerable interest in the
scientific community and over 500 papers with possible explanations appeared in the course of
a few months after the seminar. The 2015 data statistics is equivalent to only a quarter of the
data collected in 2016. The high mass diphoton resonances search is updated using the data
collected up until July 2016 and the result is presented at the ICHEP conference in August
2016. No excess is observed in the 2016 dataset near 750 GeV, suggesting that the diphoton
excess seen in 2015 data is a statistical fluctuation. 95% CL exclusion limits are derived on the
production cross-section times branching ratio to two photons as a function of the resonance
mass and width. For a spin-0 resonance, the fiducial cross-section calculated with the asymptotic
approximation ranges from 12 fb (51 fb) at 200 GeV to 0.2 fb (0.3 fb) at 2400 GeV, with the
narrow (10% of the mass) width hypothesis.

The Standard Model is known to be incomplete. While no significant sign of new physics
has shown up, the LHC Run 2 is still ongoing. The data analysed for ICHEP is only a third
of the total delivered data in 2016, and the remainder of Run 2 will yield even more — over
100 fb~! is expected. There is still a vast uncharted territory to be explored at the LHC.
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A Photon Conversion Studies

A.1 Classification performance as a function of pseudorapidity, transverse
momentum, radius of conversion and number of primary vertices

The default track-based conversion tagging shows a dip around || = 1 due to the gap at
the transition from the barrel to the end-cap TRT and at || > 2 as the limit of the TRT
pseudorapidity range is approached, as shown earlier in Figure 3.1. It is also less efficient
in reconstructing low pr photon conversions. On the other hand, since the efficiency of the
multivariate classifiers are fixed at 90% across |n| categories, the efficiencies are rather flat
across the pr spectrum as well. However, the multivariate classifiers still do not perform very
well on low pr photons as fake conversion rates are higher. In terms of the radius of conversion,
the multivariate classifiers are more able to reconstruct conversions at large radii.

In these plots, we see that the default conversion tagging method works very well at very low
pile-up, except for the drop in efficiency at the n regions mentioned above and at larger radii.
At higher pile-up, the multivariate classifiers perform much better. Since the default conversion
reconstruction in use here is not tuned to the high pile-up environment, some tunings and
improvements in the track-based reconstruction could result in better performance.
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Figure 15: The conversion reconstruction efficiency and fake conversion rate of the calorimeter-
based classification, the default track-based reconstruction and the classification using both
calorimeter and tracking information. The performance on the single photon Monte Carlo
sample with p = 0 is shown as a function of 7, transverse momentum, radius of conversion and
number of primary vertices.
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Figure 16: The conversion reconstruction efficiency and fake conversion rate of the calorimeter-
based classification, the default track-based reconstruction and the classification using both

calorimeter and tracking information.

The performance on the single photon Monte Carlo

sample with g = 40 is shown as a function of 7, transverse momentum, radius of conversion

and number of primary vertices.
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Figure 17: The conversion reconstruction efficiency and fake conversion rate of the calorimeter-
based classification, the default track-based reconstruction and the classification using both

calorimeter and tracking information.

The performance on the single photon Monte Carlo

sample with g = 80 is shown as a function of 7, transverse momentum, radius of conversion

and number of primary vertices.
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A. Photon Conversion Studies

A.2 Effect of having no stand-alone TRT tracks

In the case of high pile-up at the end of Run 2 or beyond, it might be difficult or even impossible
to construct stand-alone TRT tracks, i.e. tracks that have only TRT hits and no silicon hits. In
order to study the effect of such a scenario on the conversion classification, the number of TRT
hits is reset to zero for the case when the photon conversion is reconstructed using stand-alone
TRT tracks. Nevertheless, there is a small caveat as losing stand-alone TRT tracks means that
those photons would be reconstructed as unconverted and hence have smaller cluster size in
the barrel. This results in changes in some shower shape variables, which are not taken into
account.

Using the multivariate classification method with both calorimeter and tracking variables,
the effect of losing stand-alone TRT tracks at high pile-up is not large since the calorimeter
variables provide the most discrimination between converted and unconverted photons. For a
moderate pile-up of p = 40, a 9% increase in fake conversion rate is seen (at 90% efficiency).
At higher p, the effect is even smaller (6% and 3% respectively for = 60 and pu = 80).

These numbers represent the overall increase in the fake conversion rate (inclusive), rather
than a relative increase for stand-alone TRT tracks. Stand-alone TRT tracks type conversion re-
construction is highly unreliable at high pile-up condition, particularly since this reconstruction
has not been adapted to high pile-up. Hence, this information has little significance in BDT.
To better demonstrate the improvement that the calorimeter-based tagging can bring, we look
at both the purity and efficiency of this tagging on the photons reconstructed as converted via
stand-alone TRT tracks.

The ability of the BDT to reconstruct true conversion if stand-alone TRT tracks are lost
and to restore the fake conversion as unconverted photon is quantified in Table 2. In the y = 80
sample, only 41% of the photons reconstructed as converted via stand-alone TRT tracks are
true converted photons. Of these, 88% can be tagged as converted using the BDT with a
working point for overall 90% efficiency in reconstructing conversion. 77% of fake conversions
from stand-alone TRT tracks are restored in the unconverted photon collection using BDT.
This attests the robustness of a calorimeter-based conversion classification in a high pile-up
environment.

Fraction of fake conversions that

Fraction of true Conversion reconstruction .
. are recovered as unconverted using
converted photons efficiency of BDT
BDT
40 0.515 0.845 0.803
60 0.417 0.864 0.787
80 0.411 0.878 0.765

Table 2: Breakdown of the photons that would be reconstructed as converted via stand-alone
TRT tracks. The second column shows the fraction of photons reconstructed as converted via
stand-alone TRT tracks that are true converted photons. The third column shows the efficiency
in reconstructing true converted photons (that would have stand-alone TRT tracks) as converted
while the last column shows the fraction of fake conversions reconstructed via stand-alone TRT
tracks that are restored as unconverted using BDT.
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Appendix

azs A3 pr > 15 GeV photons

siza - From the study in Ref. [59], the photon purity for pp > 15 GeV is found to be about 98%,

4135 higher than that for pp > 10 GeV. Therefore, the photon transverse momentum cut is raised

a3s to 15 GeV. The true values of feony and freco extracted from the MC samples increase due to
the higher transverse momenta, as shown in Table 3.

n f conv f fake f reco

In| < 0.6 0.178 0.023  0.909
0.6 <] <1.37 0322 0034 0.832
152 <|n| <1.8 0453 0.017 0.950
1.8 < || <237 0562 0.008 0.628

Table 3: The values of feconv, frake and freco Obtained from the nominal Monte Carlo with photon
pr > 15 GeV.
4137
4138 By raising the cut on the photon transverse momentum, the number of candidate photons
a30  is reduced to 56% of the total. This results in increased error sizes on the fit values. Table 4
4140 lists the results of the fit to data. While some discrepancies remain, freco from the two fits
s agree much better in |n| < 0.6 and 1.52 < |n| < 1.8. This suggests again that the background is
4142 responsible for the discrepancies observed between the two fits and by removing the background
as3  entirely, one may obtain similar fit values for the two fits.

Ey/E; BDTG

n f fake f reco f fake f reco

In| < 0.6 0.018£0.005 0.926+0.031 0.021£0.004 0.894+0.011
0.6 <|n| <1.37 0.034+0.006 0.828+0.018 0.064+0.009 0.775+0.013
1.52 < |n| < 1.8 0.023£0.019 0.936+0.028 0.026+0.018 0.937+0.017
1.8 < |n| <237 0.014+£0.008 0.601+0.014 0.018+0.009 0.606+0.017

Table 4: The results of the fit to data with photon pr > 15 GeV using E;/E, (left) and the
BDTG (right) variable, neglecting background contribution.
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A. Photon Conversion Studies

A.4 MC test of background impact on template fit

In an attempt to understand the impact of background on the template fit, a test using only
Monte Carlo is performed. The background templates are obtained directly from the Z — up
MC sample with the same selection as signal except for a requirement on the photon candidate
to be fake while signal templates are the usual ones. From the cross-sections and acceptances
in Monte Carlo, the purity in each channel (each |n| bin and reconstructed conversion status) is
estimated. The background templates are then normalised to the number of background events
expected in data from the purity calculations and are shown in Figure 4.19.

In this test, a pseudo-data sample is used that is constructed from the sum of signal and
background templates, where the contribution of each corresponds to the number expected in
the data from purity calculations. Thus, the pseudo-data contains the same number of events as
the actual data. The fractions of conversion, efficiencies and fake rates in the pseudo-data differ
from those in signal Monte Carlo. This is because the signal contribution in the reconstructed
converted channel are scaled by different amount to that in the reconstructed unconverted
channel since the purities are calculated separately for the photons that are reconstructed as
converted and those reconstructed as unconverted. The input values of feony, frake and freco are
presented in Table 5.

n f conv f fake f reco

In| < 0.6 0.164 0.021 0.888
0.6 <|n| <1.37 0.306 0.032 0.799
152 < |n| <18 0427 0.015 0.934
1.8 < |n| < 2.37 0.541 0.007 0.584

Table 5: feonv, frake and freco in the signal component of the pseudo-data being tested.

When the pseudo-data is fitted with both signal and background components, frae and freco
obtained are the same as the input values, as indicated in Table 6.

E\/E BDTG
n f fake f reco f fake f reco
In| < 0.6 0.020£0.002 0.885+0.013 0.020£0.002 0.8884+0.010
0.6 <|n| <1.37 0.032+0.003 0.797£0.009 0.033+0.002 0.798+0.007
1.52 < |p| < 1.8 0.013+£0.012 0.938+0.016 0.015+0.008 0.935+0.011
1.8 < |n| < 2.37 0.006+£0.004 0.584+0.008 0.006+0.010 0.585+0.010

Table 6: The results of the fit to pseudo-data (sum of MC signal and background) with signal
and background components.

However, if we ignore background by fitting only with the signal components of converted
and unconverted photons, the fit using the BDTG output yields the wrong values on fieco and
ftake, as shown in Table 7. The measured froco is significantly lower and fe.e higher when the
background is neglected. On the other hand, the fit using E;/FE> is insensitive to background
as freco and frke Obtained are similar to the correct values.

The insensitivity of the fit using Ej/FEs to background is due to the smaller separation of
converted photons and unconverted photons in E;/FE5. The background, which comes from jets
faking photons, have R distributions that is very similar to those of the true converted photons,
whereas this is less clear in Fy/F5. Hence, in the fit using F;/Es9, by ignoring background, the
contributions of converted and unconverted photons are scaled to absorb the background in a
way that the fractions (freco and frake) are not affected significantly. On the other hand, in the fit
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E,/E

BDTG

Ui

f fake

freco

f fake

freco

In| < 0.6
0.6 < |n| < 1.37
1.52 < || < 1.8
1.8 < |n| < 2.37

0.023 £ 0.002
0.035=£=0.005
0.034 +0.024
0.009+0.011

0.880+0.013
0.794£0.014
0.928 £0.042
0.582 £0.022

0.027 £ 0.002
0.051 £ 0.004
0.038 +0.022
0.011+0.009

0.816 £0.012
0.746 £ 0.008
0.8994+0.019
0.575+0.014

Table 7: The results of the fit to pseudo-data (sum of MC signal and background) with only
signal components.

using the BDTG output, where the background templates clearly resemble the templates from
true converted photons, the converted distribution is the one absorbing most of the background
contribution, resulting in lower conversion reconstruction efficiency being measured.

This is consistent with the results in Section 4.4.6 and 4.4.7. It also confirms that in the fit
using the BDTG variable, even a small amount of background needs to be taken into account.

4174
4175
4176
4177

4178

196



4179

4180

4181

4182

4183

4184

4185

4186

4187

4188

4189

4190

4191

4192

4193

4194

A. Photon Conversion Studies

A.5 Check on the impact of ignoring statistical errors on background tem-
plates

The uncertainties on the background templates were not taken into account due to the reasons
mentioned in Section 4.4.4.1. We try a workaround by increasing the errors on the signal
templates so that they include also the errors on the background templates. This is done by
scaling the errors in the signal true converted and unconverted templates by a factor equal to
the ratio of the total errors to the total signal errors in Figure 4.20.

Similar results are obtained, except that the errors on fieco and fike are larger by no more
than 20% with the exception at freco at 0.6 < |n| < 1.37 where it is considerably higher. The
results are presented in Table 8. The increase in the errors is also more apparent in the E;/Es
fit than it is in the BDTG fit, which strengthens our claim that the fit with more variables
is better-performing. At the same time, the constraints on the nuisance parameters are also
slightly reduced (see Figure 18).

The conclusions are unchanged, BDTG still gives a more precise measurement on the conver-
sion reconstruction efficiency compared to E;/FE2 and some constraints on the material-related
and Ry fudge factor nuisance parameters are still seen.

Ei/E, BDTG
n f fake f reco f fake f reco
In| < 0.6 0.013£0.006 0.9214+£0.047 0.015£0.003 0.89040.013
0.6 < |n| <1.37 0.029+0.005 0.801+£0.023 0.027+0.005 0.804+0.009
1.52 < |p| < 1.8 0.009+£0.015 0.918+0.030 0.0154+0.018 0.906 +0.019
1.8 < |n| < 2.37 0.006£0.007 0.568+0.014 0.013+0.009 0.565+0.013

Table 8: The results of the fit to data with the background subtracted using Fj/E> (left) and
BDTG (right) where the errors on the signal templates have been scaled higher to absorb the
errors on the background templates.
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Figure 18: Fitted values of the nuisance parameters from the fit using F1/Fs (in red) and

BDTG (in black) to the data, with the background contribution subtracted. The errors on the
signal templates have been scaled to include the errors on the background templates.
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Appendix

B Higgs-like resonance line shape assuming infinite mass parti-
cle in production and decay loop using MCQ@QNLO prescrip-

tion
Using the MCQ@QNLO prescription, the line shape of a heavy Higgs-like resonance is

\/EFX—WW(é)

donceNLO '
(5 —m%)? + miT%

dmey

x Bgg - Lgg - My

(4)

Assuming infinite top quark and W boson mass, the m.,,-dependence of the production
process squared matrix element (see Eq. 7.31) and the partial width of ‘Higgs’ to two photons [14]

can be approximated as:
2
Bgg o< mZ,
and
T x m3
X=yy eha

Substituting in the differential cross-section:

donicanto xm2. - Logo-m 1 m3
vy " Lgg T Myy 7 232 2 12 My
dmey (8 =m%)? +m5T'%

C My

Finally, one obtains

domcaNLo 7 1
dmey VT (5 —mE )2+ mi Ty

which is equivalent to the EFT line shape implemented in MG5_AMC@Q@NLO (see Eq.

198

(5)

7.42).



C. p-value as a function of mass for different width hypothesis in the diphoton resonance
search at /s = 13 TeV with 3.2 fb~! recorded in 2015

=s C p-value as a function of mass for different width hypothesis in
w207 the diphoton resonance search at /s = 13 TeV with 3.2 fb™!
208 recorded in 2015
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Figure 19: Compatibility with the background-only hypothesis as a function of the assumed
signal mass for different values of relative width for the spin-0 resonance search.
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Figure 20: Compatibility with the background-only hypothesis as a function of the assumed
signal mass for different values of k/Mp; for the spin-2 resonance search.
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D. Upper limits on fiducial cross-section times branching ratio to two photons at /s =
13 TeV with 15.4 fb~! recorded in 2015 and 2016

20 D Upper limits on fiducial cross-section times branching ratio
210 to two photons at /s = 13 TeV with 15.4 fb~!' recorded in
4211 2015 and 2016
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Figure 21: Two-dimensional (a) expected and (b) observed 95% CL upper limits on the fiducial
production cross-section times branching ratio to two photons at /s = 13 TeV of a spin-0
resonance as a function of the resonance mass myx and the relative width I'x /mx.
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Figure 22: 95% CL observed upper limits on the fiducial cross-section of a spin-0 resonance as
a function of the assumed mass, for different values of the decay width divided by the mass,
using the 2015, 2016, and combined dataset.
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