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ABSTRACT

With 4.8 fb~! of proton-proton collision data collected at /s = 7 TeV in 2011, and 5.9 fb~! col-
lected at /s = 8 TeV in 2012 by the ATLAS detector at the Large Hadron Collider, an excess of
4.5 standard deviations from the background-only hypothesis is observed near 126.5 GeV in the
diphoton invariant mass spectra. Along with the excesses observed in the H — ZZ®) — (0¢¢
and H — WW® — (ulv channels, the observation of a Higgs-like particle is established at 6.0

standard deviations level.

With more data accumulated during LHC Run 1, the measurements of Higgs boson couplings and
mass in the  — ~~ channel are conducted by the ATLAS experiment based on 4.5 fb~! of proton-
proton collisions at /s = 7 TeV collected in 2011, and 20.3 fb~! at /s = 8 TeV collected in 2012.
The combined signal strength, defined as number of observed Higgs boson decays to diphoton
divided by the corresponding Standard Model prediction, is measured to be 1.17 1035 assuming
the Higgs boson mass being 125.4 GeV. The signal strengths for individual Higgs boson production
processes are also measured, and are found to be in good consistency with the Standard Model.
The mass of the Higgs boson is measured in H — < channel by the ATLAS experiment to be
125.984+0.50 GeV. This measurement is combined with the ones from ATLAS H — ZZ™*) — (06¢
as well as CMS H — vy and H — ZZ®) — (¢(. The Higgs boson mass measured from the

combination is 125.09 & 0.24 GeV.

With LHC center-of-mass energy increased to 13 TeV, a search for high mass Beyond the Stan-
dard Model scalar resonance is performed in the diphoton decay channel based on 15.4 fb~! of
proton-proton collision data collected by the ATLAS detector during 2015 and 2016. While a no-
table wide excess was first observed in the diphoton invariant mass spectrum from the 2015 data
(3.2 fb~1) with mass near 750 GeV, it is not confirmed by the 2016 data with much higher statistics
(12.4 fb1). Limits on the production cross section times branching ratio of such resonances are

set.



Chapter 1

Introduction

The Standard Model (SM) of particle physics is the theory that describes elementary particles
and the interactions (not including gravity for the moment) between them. It has successfully
explained most of the experimental observations so far. According to the SM, all known matter
is built up with spin % elementary particles including quarks (u, d, ¢, s, t, b) and leptons (e, u,
7 and corresponding neutrinos). The interactions, including strong (mediated by gluon g) and
electroweak (mediated by photon v and weak bosons W+ and Z7), are carried by spin 1 particles.
All the SM elementary particles are summarized in Figure [I.T]

The SM is a gauge field theory based on the symmetry group SU(3)®SU(2)®U (1), which has
in total twelve generators. Each generator is corresponding to a gauge boson as a force mediator.
Among the twelve gauge bosons, four of them (v, W+, and Z) are associated with the electroweak
(EW) symmetry group SU(2) ® U(1), and the remaining eight (gluons with different “color”
quantum number pair permutations) are associated with the QCD symmetry group SU(3). To
preserve the gauge symmetry, all these gauge bosons should have vanishing masses. However,
the fact that the weak interaction is short-ranged suggests that the W+ and Z bosons are actually
massive. This was directly confirmed in 1983, when both the W= [1]] and Z [2] bosons were
observed at the CERN Super Proton Synchrotron (SPS) with quite heavy masses ﬂ

The Englert—Brout-Higgs (EBH) mechanism [4-9] provides a general framework to keep un-
touched the gauge symmetry of the SM, while still generate the observed masses of W+ and Z
bosons through electroweak symmetry breaking (EWSB). In the simplest case, a scalar field (Higgs
field) is incorporated into the SM as a SU (2) complex doublet with four degrees of freedom. Con-

sequently, three massless Goldstone bosons will be generated and absorbed as the longitudinal

! The latest measured value of W+ and Z masses are myy+ = 80.3854+0.015 GeV, mz = 91.1876+0.0021 GeV [3].
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Figure 1.1: Summary of elementary particles in the Standard Model.

components of W and Z bosons to give them masses, whereas the remaining component of the
complex doublet will become a new elementary scalar particle, the Higgs boson, which could be
observed by experiments. Once EWSB occurs, the elementary fermions (spin % particles) in the
SM can also acquire their masses through the Yukawa interactions with the Higgs field.

In spite of the intriguing physics case, searching for the Higgs boson is a challenging task be-
cause the mass of the Higgs boson is not predicted by the SM. Direct searches for the Higgs boson
were conducted by the experiments at CERN Large Electron-Positron Collider (LEP) [[10] and
Fermilab Tevatron [11]. Though none of these experiments managed to establish an observatiorﬂ
they provided guidance to future experiments by setting a lower limit of 114.4 GeV on the Higgs

boson mass (m ) and excluding additional region at higher masses.

2 A broad excess in data was seen at Tevatron in the Higgs boson mass range 115 GeV < mpy < 140 GeV, with a

local significance of 3 standard deviations at my = 125 GeV.



The Large Hadron Collider (LHC) at CERN opens a grand new possibility for the search of the
Higgs boson. LHC is a circular collider with a circumference of 27 kilometers. It can accelerate
and collide two proton beams up to center-of-mass energy /s = 14 TeV with an instantaneous
luminosity up to more than 103 cm~2 s™1. On July 4th, 2012, as the finale of the decades-long
experimental endeavor, the ATLAS [[12]] and CMS [13]] Collaborations announced the observation
of a Higgs-like boson around 125 GeV, based on proton—proton (pp) collision data collected in
2011 and first half of 2012. Since then further studies based on more LHC data have shown that
the properties of the new particle are consistent with the Higgs boson, and the tag “-like” is hence
officially removed from the name of the particle.

In the SM, the Higgs boson is a short-lived particle which decays immediately (in O(10722 s))
into other particles once produced. Among all the Higgs boson decay channels, the diphoton
decay channel is playing a pivotal role at the LHC experiments. During the establishment of
the Higgs boson discovery, the diphoton decay channel contributed the most prominent excess in
both ATLAS (4.5 standard deviations from background-only hypothesis) and CMS (4.1 standard
deviations) results. At the measurement stage, the diphoton decay channel remains crucial for
understanding the Higgs boson couplings because of its excellent sensitivity and unique loop-
induced decay mechanism. It is also one of the only two channels at the LHC (the other is H —
ZZ™) — (ee0) which can provide measurement of the Higgs boson mass with minimum model
dependency.

While the discovery of the Higgs boson is a great success of the SM, it is known that the
current theory cannot explain some established phenomena, such as non-zero neutrino mass or the
presence of dark matter. Therefore, the need for searching physics Beyond the Standard Model
(BSM) is compelling in general. Because many BSM scenarios predict resonance decaying into
two photons, the diphoton decay channel can again serve as an instrumental tool in this effort.

This thesis will present the discovery of the Higgs boson and the measurements of its proper-
ties in the diphoton decay channel based on the LHC Run 1 data, as well as the search for high
mass BSM scalar resonance in the diphoton final state based on the LHC Run 2 data. The rest of
the thesis is organized as follows: Chapter [2|briefly reviews the production and decay of the Higgs
boson, and also background processes in the diphoton final state at the LHC; Chapter [3|introduces

the ATLAS detector; Chapter [4] describes data and Monte Carlo (MC) simulation samples used in



the analyses to be presented in this thesis; Chapter [5] details the definition of photons and other
physics objects; Chapter [6| reports diphoton event selection criteria used in each analysis; Chap-
ter [7] reviews the signal and background modeling strategies in the diphoton analyses; Chapter [§]
presents the methodology used for the statistical interpretations of the data; Chapter [9] discusses
the discovery of the Higgs boson in the diphoton decay channel based on 4.8 b~ of pp collision
data collected at /s = 7 TeV in 2011, and 5.9 fb~! collected at /s = 8 TeV in 2012 by the AT-
LAS detector (denoted as Discovery Analysis hereinafter); Chapter 10| reports the measurements
of the Higgs boson couplings in the diphoton decay channel based on 4.5 fb~! of pp collision data
collected at /s = 7 TeV in 2011, and 20.3 fb~* collected at \/s = 8 TeV in 2012 by the ATLAS
detector (denoted as Coupling Analysis hereinafter); Chapter |1 1| presents the measurement of the
Higgs boson mass in the diphoton decay channel based on the same dataset used for the Coupling
Analysis (denoted as Mass Analysis hereinafter; Coupling and Mass Analyses will be collectively
denoted as Measurement Analyses), and the combined measurement of Higgs boson mass by AT-
LAS and CMS experiments in H — vy and H — ZZ"*) — (0¢¢ channels based on full LHC
Run 1 dataset collected by both experiments; Chapter |12| details the search of high mass BSM
scalar particle in the diphoton decay channel based on 15.4 fb=! of pp collision data collected at
Vs =13 TeV in 2015 and first half of 2016 by the ATLAS detector (denoted as Search Analy-
sis hereinafter); Chapter (13| provides a summary of all the discussions and an outlook to future

prospects.



Chapter 2

Phenomenology

The SM Higgs boson is a C'P-even spin-0 neutral particle. Its mass is given by my = V2,
where \ characterizes the Higgs self-coupling, and v = (v/2G )~ /2 ~ 246 GeV is the vacuum
expectation value of the Higgs field. Since A is a free parameter, the Higgs boson mass is not
predicted by theory a priori as mentioned in Chapter[I] Once my is known, all the other properties
of the SM Higgs boson can be fixed in principle.

The SM Higgs boson couplings to other particles are set by their masses. They are summarized

in the following Lagrangian:

L= —gusffH+ gHng H? + gH;ifH H* + 6vV,V (g H + ”’%HQ), 2.1)

where f stands for elementary fermions, and V' stands for W* (i = 1) or Z (67 = 1/2) bosons.

The couplings can be more explicitly written as:

gufr = myg/v, guvv = 2mi /v, gupvy = 2my, [v?, 22
guan = 3My /v, gupnn = 3ma; /ve.
As one can see the coupling strengths to elementary fermions are proportional to the fermion
masses, whereas the coupling strengths to bosons are proportional to the square of the boson
masses.
The rest of the chapter will provide a briefly review of the production and decay of the Higgs
boson at the LHC [14-16], and also discuss the background processes entering the LHC diphoton

analyses.

2.1 Higgs boson production at Large Hadron Collider

The SM Higgs boson can be produced at the LHC mainly via the following processes:



e gluon fusion production (ggF) gg — H;
e vector boson fusion production (VBF) ¢¢' — q¢' H;

e associated production with a W boson (W H) or a Z boson (Z H) q¢ — W H/Z H, including
a small contribution (around 8%) from gg — ZH (9g9Z H);

e associated production with a pair of bottom quarks (bbH) qG/gg — bbH, or a pair of top
quarks (ttH) qq/gg — ttH,

e associated production with a single top quark (¢ H) through ¢-channel (t Hqb) qg — tHq'b
processes (four-flavor scheme), or in association with a W boson (tHW') gb — t HW (five-

flavor scheme); s-channel production is negligible.

The production cross sections of different processes changing as a function of Higgs boson mass
at /s = 8 TeV, and as a function of center-of-mass energy with hypothesized Higgs boson mass
of 125 GeV are summarized in Figure [2.1](a) and (b), respectively.

The ggF process is expected to be the dominant Higgs boson production process at the LHC,
accounting for about 90% of the total production cross section around my=125 GeV. It is hence
fundamental for the discovery of the Higgs boson and measurement of its properties. When search-
ing for new heavy scalar particles (Chapter[12)), the ggF process with modified coupling structure
is also commonly assumed as the major production mechanism. Since the gluon is massless, its
interaction with the Higgs boson has to be intermediated by heavy quark loop. The leading-order
(LO) Feynman diagram of ggF is shown in Figure [2.2] (a). The inclusive cross section of the ggF
process used to estimate the expected event rate in this thesis is taken from a calculation at next-
to-next-to-leading order (NNLO) [[17H22]] in QCD H Next-to-leading-order (NLO) EW corrections
are also included [23,[24].

The VBF process has the second largest cross section at the LHC. Its LO Feynman diagram
is shown in Figure (b). This production mode is featured by two forward jets, which can be
exploited to separate events produced by VBF from those by ggF. The VBF process can be used
to probe the Higgs boson couplings to the 1W/Z bosons. Its cross section is calculated with full

NLO QCD and EW corrections [25H27] with an approximate NNLO QCD correction applied [28]].

! Recently the next-to-next-to-next-to-leading order (N3LO) calculation became available.
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Figure 2.1: Standard Model Higgs boson production cross sections (a) as a function of Higgs
boson mass at /s = 8 TeV and (b) as a function of center-of-mass energy with hypothesized
Higgs boson mass of 125 GeV. The central values are shown as solid lines, and the theoretical

uncertainties are shown as color bands. The bbH and ¢t H processes are not included in the left plot.

1777 N — H

() (b)

Figure 2.2: Examples of leading-order Feynman diagrams for Higgs boson production via the (a)

ggF and (b) VBF production processes.

As shown in Figure[2.3] the W H and Z H processes (collectively denoted as V H process) also
provide probes to the couplings to the 1//Z bosons. Analyses on these two processes benefit from
their distinct event topologies due to the presence of 1///Z bosons decay products (leptons, quarks,

and/or missing transverse momentum) in the final states. The ggZ H process has very small cross



section compared with qqZ [, and is hence not considered in any diphoton analyses detailed in this
thesis due to the lack of sensitivity. The V H inclusive cross sections are calculated at NNLO [29]

with NLO EW radiative corrections [30] applied.

H 9 rswwUOY

t/b t/b

w/z
(@) (b) ©

Figure 2.3: Examples of leading-order Feynman diagrams for Higgs boson production via the (a)

V H and (b, ¢) ggZ H production processes.

The bbH and ttH productions (Figure have relatively small cross section compared with
other processes. The bbH production is very difficult to study at LHC because the associated b
quarks are too soft to be efficiently tagged. This process has been considered in the measurements
of Higgs boson properties for completeness, but was not considered during the Higgs boson dis-
covery time. Its cross section is calculated in a four-flavor scheme at NLO QCD [31-33] and a
five-flavor scheme at NNLO QCD [34]]. These two calculations are combined using the Santander
matching procedure [15,35]]. The ¢t H production, on the other hand, is more extensively explored
at the LHC to probe of the large Yukawa coupling between the top quark and the Higgs boson. The

full NLO QCD corrections are included [36-39] in the t¢H cross section calculation.

t/b g t/b g t/b
H g9 S H g9 S H
b 9 b q b

() (b) (©)

Figure 2.4: Examples of leading-order Feynman diagrams for Higgs boson production via the ¢t H

and bbH processes.



Finally, the tH production (Figure has smallest cross section among all processes, but
it can be exploited together with ¢t H to put direct constraints on both strength and sign of the
Yukawa coupling between top quark and the Higgs boson, because it is sensitive to altered Yukawa
couplings. The cross sections for ¢ H qb production are calculated for SM as well as altered Yukawa
couplings at LO using MADGRAPH [40,41]]. LO-to-NLO K-factors are obtained by compar-
ing to NLO cross sections calculated using MADGRAPH5_AMC @NLO. The cross sections for
tHW production are calculated for different Yukawa couplings at NLO in QCD using MAD-

GRAPHS _AMC@NLO with dynamic renormalization and factorization scales [41].

q 7 9 rovowSIOTTy g w
w L H .
H “H
t
9 5 b w b ¢

(a) (b) (©) (d)

Figure 2.5: Examples of leading-order Feynman diagrams for Higgs boson production in associ-
ation with a single top quark via the (a, b) tHqb and (c, d) tHW production processes shown in

four-flavor and five-flavor schemes, respectively.

The numerical values of the cross sections for each process at /s = 7 TeV and /s = 8 TeV
with mpy = 125.09 GeV E] are summarized in Table together with theoretical uncertainties and
orders of calculations. The uncertainties due to missing higher-order terms in the perturbative cal-
culations of QCD processes are estimated by varying the factorization and renormalization scales.
There are additional uncertainties related to the parton distribution functions (PDFs) and the strong

coupling constant asg.

2 The combined measurement of my by ATLAS and CMS Experiments based on LHC Run 1 data gives
mpy = 125.09 £ 0.24 GeV. More details can be found in Chapter
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Production Cross section [pb] Order of

process Vs=TTeV  /s=8TeV calculation
ggF 15.0 =£1.6 19.2 +£2.0 NNLO(QCD) + NLO(EW)

NLO(QCD+EW) +
VBF 1.22 £0.03 1.58 +0.04
APPROX. NNLO(QCD)

WH 0.577 £20.016 0.703 +=0.018 NNLO(QCD) + NLO(EW)
ZH 0.334 £0.013 0.414 +0.016 NNLO(QCD) + NLO(EW)
lggZ H] 0.023 £0.007 0.032 £ 0.010 NLO(QCD)
ttH 0.086 £ 0.009 0.129 £0.014 NLO(QCD)
tH 0.012 £ 0.001 0.018 £+ 0.001 NLO(QCD)

_ 5FS NNLO(QCD) +
bbH 0.156 +£0.021 0.203 £ 0.028

4FS NLO(QCD)

Total 174 +£1.6 22.3 £2.0

Table 2.1: Standard Model predictions for the Higgs boson production cross sections together with

their theoretical uncertainties at /s = 7 TeV and /s = 8 TeV. The value of the Higgs boson

mass is assumed to be my = 125.09 GeV. The uncertainties on the cross sections are evaluated

as the sum in quadrature of the uncertainties resulting from variations of the QCD scales, parton

distribution functions, and «,. The order of the theoretical calculations is also indicated. In the

case of the bbH production, the values are given for the mixture of five-flavor (SFS) and four-

flavor (4FS) schemes.
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2.2 Higgs boson decay branching ratios and total width

The SM Higgs boson branching ratios at my = 125.09 GeV are listed in Table The
dominant decay mode is H — bb (57.5%), whereas the H — ~~ branching ratio is only 0.228%.
Nevertheless, as discussed in Chapter[I|the H — ~+ channel remains one of the most competitive
Higgs boson decay channels at the LHC. From experimental point of view, the power of this
channel is mainly from good diphoton mass resolution and clean signature, which ensure excellent
sensitivity and straightforward analysis strategy. From theoretical point of view, this channel is
particularly interesting because of the loop-induced decay mechanism as shown in Figure [2.6]
Within the SM, the destructive interference between the I/ boson and the top quark in the loop
allows lifting the sign degeneracy between Higgs boson couplings to these two particles (or to
bosons versus to fermions in general). Potential new charged particles from BSM scenarios can

also contribute to the loop, and thus shift the decay rate from the SM expectation.

W:l:
H ------ t/b/T

W:l:

() (b) ()

Figure 2.6: Examples of leading-order Feynman diagrams for Higgs boson decays to diphoton.

Examples of LO Feynman diagrams for the Higgs boson decays to 1///Z bosons and fermions
are shown in Figure[2.7] The total width of the SM Higgs boson with m y near 125 GeV is predicted
to be around 4 MeV, which is negligible compared with current detector resolution (O(1 GeV)).

Finally, it is worth pointing out that the natural widths of scalar particles are not necessarily
narrow, in particular, when the particle is heavy and/or new physics are involved. Hence in the
search of a heavy scalar diphoton resonance (Chapter[12)) a scan on the width of the potential new

particle is performed.
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W+, zZ* b7, u”

W,z b, u*

() (b)

Figure 2.7: Examples of leading-order Feynman diagrams for Higgs boson decays (a) to W and Z

bosons (one of the two bosons is off-shell for m g near 125 GeV) and (b) to fermions.

Decay mode  Branching fraction [%]

H — bb 57.5 £ 1.9
H — Ww® 21.6 +0.9
H — gg 8.56 %+ 0.86
H— 77 6.30 #+0.36
H — cc 2.90 4 0.35
H — 77%) 2.67 £0.11
H — 7y 0.228 +0.011
H — Zv 0.155 4+ 0.014
H = up 0.022 4 0.001

Table 2.2: Standard Model predictions for the decay branching fractions of a Higgs boson with a

mass of 125.09 GeV, together with their theoretical uncertainties.

2.3 Background processes in diphoton final state at Large Hadron Collider

In the SM, the diphoton events can also be produced promptly through several non-resonant

processes at the LHC, including Born process qg — < (Figure 2.§] (a)), box process gg — 7y
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(Figure (b)), and Bremsstrahlung process qg — ~vq (Figure (c)). The total production
cross section of these SM non-resonant diphoton () processes within the fiducial acceptance of
typical H — -~ analyses is O(100) larger than the SM Higgs boson production cross section
times diphoton branching fraction [42]]. They build up the irreducible background in the diphoton
analyses, usually accounting for about 80% to 90% of the total background depending on detailed

selection criteria.

T 9 2990000, T 9 2209000000, L\\\q
¥
q ’ ANy g \ 020000 Ty q SNy

() (b) ()

Figure 2.8: Examples of leading-order Feynman diagrams for non-resonant Standard Model dipho-

ton production process.

The second largest contribution to the background comes from the SM photon—jet (vj) pro-
cesses, where a jet is mis-identified as a photon. Figure provides selected LO Feynman di-
agrams for such processes. While the total cross section of 7;j processes is O(10°) times larger
than H — ~~ within fiducial acceptance of the analyses to be discussed [42], it is typically con-
trolled to be 10 to 20% of the total background due to effective photon quality requirements to
be discussed in Chapter |5\ In addition, di-jet (jj) processes (O(10%) times larger cross section
than H — v~ [42]) will also contribute up to a few percent. All these background components
that contain at least one fake photon are collectively classified as the reducible background in the
diphoton analyses.

In the end, the typically signature of the diphoton analyses , as to be shown in coming chapters,
is a narrow resonant signal peak sitting on top of smoothly decaying SM continuum background
in the diphoton invariant mass spectrum. One thing worth pointing out is that in practice, anal-
yses in the diphoton decay channel are usually not relying on accurate theoretical knowledge of

background processes: the composition of background can be directly measured from data, and
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(a) (b) ()

Figure 2.9: Examples of leading-order Feynman diagrams for non-resonant Standard Model

photon—jet production process.

background estimates can usually be derived from parameterizing the data sideband and then in-
terpolating into the signal region ﬂ More details on these topics will be discussed in Chapter@ and
Chapter

3 There are actually also diphoton analyses which use pre-defined background template to provide background esti-

mation. For example please see “spin-2” analysis in Reference [43]].
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Chapter 3

ATLAS detector

The ATLAS detector [44] is a multipurpose detector with a forward-backward symmetric cylin-
drical geometry and nearly 47 coverage in solid angleE]

The inner tracking detector (ID) covers the pseudorapidity range |77| < 2.5 and consists of a sili-
con pixel detector, a silicon microstrip detector, and a transition radiation tracker (TRT) in the range
In| < 2.0. The ID is immersed in a 2 T magnetic field produced by a thin superconducting solenoid
located in front of the calorimeter. It allows an accurate reconstruction of charged-particle tracks
originating from the proton—proton collision region as well as from secondary vertices, which per-
mits an efficient reconstruction of photons interacting in the ID through e*e™ pair production up
to a radius in the transverse plane of about 80 cm.

The solenoid is surrounded by a high-granularity lead/liquid-argon (LAr) sampling electro-
magnetic (EM) calorimeter with an accordion geometry. The EM calorimeter measures the energy
and the position of electromagnetic showers with || < 3.2. It is divided into a barrel section,
covering the pseudorapidity region |n| < 1.475, and two end-cap sections, covering the pseu-
dorapidity regions 1.375 < |n| < 3.2. The transition region between the barrel and the end-caps,
1.37 < |n| < 1.52, has a large amount of material upstream of the first active calorimeter layer. The
EM calorimeter is composed, for || < 2.5, of three sampling layers longitudinal in shower depth.
The first layer has a thickness of about 4.4 radiation lengths (Xj). In the ranges |n| < 1.4 and
1.5 < |n| < 2.4, the first layer is segmented into high-granularity strips in the n direction, with a
typical cell size of 0.003 x 0.0982 in Anx A¢ in the barrel. For 1.4 < |n| < 1.5and 2.4 < |n| < 2.5

' ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of
the detector and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and
the y-axis points upward. Cylindrical coordinates (7, ¢) are used in the transverse plane, ¢ being the azimuthal angle

around the beam pipe. The pseudorapidity is defined in terms of the polar 6 angle as 7 = — In [tan(6/2)].
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the n-segmentation of the first layer is coarser, and the cell size is An x A¢ = 0.025 x 0.0982. The
fine ) granularity of the strips is sufficient to provide, for transverse momenta up to O(100 GeV),
an event-by-event discrimination between single photon showers and two overlapping showers
coming from the decays of neutral hadrons, mostly 7° and 1 mesons, in jets in the fiducial pseudo-
rapidity region || < 1.37 or 1.52 < |n| < 2.37. The second layer has a thickness of about 17 X,
and a granularity of 0.025 x 0.0245 in An x A¢. It collects most of the energy deposited in the
calorimeter by photon and electron showers. The third layer has a granularity of 0.05 x 0.0245 in
An x A¢ and a depth of about 2 Xj. It is used to correct for leakage beyond the EM calorimeter of
high-energy showers. In front of the accordion calorimeter, a thin presampler layer, covering the
pseudorapidity interval |n| < 1.8, is used to correct for energy loss upstream of the calorimeter.
The presampler consists of an active LAr layer with a thickness of 1.1 cm (0.5 cm) in the barrel
(end-cap) and has a granularity of An x A¢ = 0.025 x 0.0982. The material upstream of the
presampler has a thickness of about 2 X, for || < 0.6. In the region 0.6 < || < 0.8 this thick-
ness increases linearly from 2 X, to 3 X,. For 0.8 < || < 1.8 the material thickness is about
or slightly larger than 3 X, with the exception of the transition region between the barrel and the
end-caps and the region near || = 1.7, where it reaches 5-6 X,. A sketch of a barrel module of
the electromagnetic calorimeter is shown in Figure 3.1

The hadronic calorimeter, which surrounds the EM calorimeter, consists of a steel/scintillator-
tile calorimeter in the range || < 1.7 and two copper/LAr calorimeters spanning 1.5 < |n| < 3.2.
The acceptance is extended to || = 4.9 by two sampling calorimeters longitudinally segmented in
shower depth into three sections using LAr as active material and copper (first section) or tungsten
(second and third sections) as absorber.

The muon spectrometer (MS), located outside the calorimeters, consists of three large air-
core superconducting toroid systems with precision tracking chambers that provide accurate muon
tracking for || < 2.7 and fast detectors for triggering for |n| < 2.4.

A multi-level (three-level for Run 1, two-level for Run 2) trigger system is used to select events
to be recorded for offline analyses. The first-level trigger is hardware-based using a subset of
detector information. It reduces the event rate to 100 kHz level. High-level trigger(s) is software-

based and has access to the full detector information. It further reduces the event rate to 1 kHz level.
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Figure 3.1: Sketch of a barrel module (located at 7 = 0) of the ATLAS electromagnetic calorimeter.

The different longitudinal layers (one presampler and three layers in the accordion calorimeter)

are depicted. The granularity in 7 and ¢ of the cells of each layer and of the trigger towers is also

shown.

Run 2 triggers have improved capacities compared with Run 1 at both first-level and high-level due

to infrastructure improvements [45].
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Chapter 4
Data and simulation samples

4.1 Data samples

All the analyses reported in this thesis use pp collision data collected by the ATLAS detector in
2011, 2012, 2015 and 2016. Only events taken in stable beam conditions, and in which the trigger
system, the tracking devices and the calorimeters were fully operational, are considered.

The dataset used for the discovery of Higgs boson (Discovery Analysis) corresponds to 4.8 fb™!
of integrated luminosity at /s = 7 TeV collected in 2011, and 5.9 fb~! of integrated luminosity at
Vs = 8 TeV collected in 2012.

The dataset used for the measurements of Higgs boson properties (Measurement Analyses) cor-
responds to 4.5 fb~! of integrated luminosity at /s = 7 TeV collected in 2011, and 20.3 fb~! of
integrated luminosity at 1/s = 8 TeV collected in 2012. In the ATLAS-CMS combined measure-
ment of Higgs boson properties the CMS Run 1 dataset is also involved. It is corresponding to
5.1 fb~! of 7 TeV data and 19.7 fb~! of 8 TeV data.

The dataset used for the search of heavy scalar diphoton resonance (Search Analysis) corre-

sponds to 15.4 fb~! of integrated luminosity at /s = 13 TeV collected in 2015 and 2016.

4.2 Simulation samples for Standard Model Higgs boson signals

While the SM Higgs boson signal MC samples used for the Discovery and Measurement Anal-
yses are largely unchanged, differences such as versions of theoretical programs and treatment of
Higgs boson transverse momentum (pr) spectra have been introduced over time between the two
analyses. Since the prescriptions used in the Measurement Analyses are more advanced and har-

monious in general, and the differences are essentially secondary for establishing the observation,
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the discussion below will focus on the samples used for the Measurement Analyses. Readers can
refer to Reference [|12]] for details of MC samples used for the Discovery Analysis.

Simulated samples of Higgs boson decaying into two photons are generated separately for
different production modes. The ggF samples are generated with POWHEG-BOX [46-50] inter-
faced with PYTHIAS [51] for the underlying event, parton showering and hadronization. The VBF
samples are also generated using POWHEG-BOX [52] interfaced with PYTHIA8. The W H and
Z H samples are generated with PYTHIA8. The t¢H samples are generated using the POWHEL
generator, a combination of the POWHEG-BOX and HELAC-NLO [53]] generators, interfaced with
PYTHIAS. Events from ¢Hqgb production with different Yukawa couplings are generated with
MADGRAPH [40] interfaced with PYTHIAS, whereas tHW events are generated using MAD-
GRAPH5_AMC@NLO [54] interfaced to HERWIG++ [55]]. The CT10 [56] PDF set is used for
the POWHEG-BOX samples while CTEQG6L1 [57] is used for the PYTHIA8 samples. The AU2 [58]
tuning of PYTHIAS is used to simulate the minimum-bias events and the underlying event.

Samples mentioned above are generated at my = 125 GeV for tHqb and tHW, from my =
115 GeV to my = 135 GeV in 5 GeV steps for ttH, and from 110 GeV to 160 GeV in 5 GeV
steps for the rest. The normalizations of samples from different Higgs boson production pro-
cesses at different masses are determined according to the cross sections and branching ratios
mentioned in Chapter 2] In the measurement of Higgs boson couplings (Chapter [10)), interfer-
ence of gg — H — 7y with the continuum gg — vy background induced by quark loops is taken
into account using an averaging procedure that combines LO [59] and NLO corrections [60]. The
destructive interference causes about 1% reduction of the ggF cross section. In addition, the in-
terference between the Higgs boson signal and the continuum background is expected to produce
a downward shift of the signal peak relative to the true value of Higgs boson mass (Chapter [LT).
The overall effect in the I — 7~ channel [59-61] is expected to be a few tens of MeV for a
Higgs boson with a width near the SM value, which is small compared to the current experimental
precision and is hence neglected.

Additional corrections to the shape of the generated pr distribution of Higgs bosons pro-
duced by ggF are applied to match the distribution from a calculation at NNLO+NNLL pro-
vided by HRES2.1, which includes exact calculations of the effects of the top and bottom quark

masses [62,/63]] as well as dynamical renormalization and factorization scales. Calculations based
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on HRES predict softer ggF Higgs boson pt spectrum compared with the nominal POWHEG-BOX
one, and thus the contribution from events with two or more jets, which mostly populate the high-
pr region, is affected. To simultaneously reproduce the inclusive ggF Higgs boson pr distribution
as well as the jet multiplicity Nje; > 2 component, the ggI* events with two or more jets are first
normalized to a NLO calculation [64]]. Then, Higgs boson pr-dependent weighting functions are
determined using an iterative procedure. First, the events with two or more jets are weighted in
order to match the Higgs boson pr distribution from MINLO HJJ predictions [65]. As a second
step, the inclusive spectrum is weighted to match the HRES distribution. These two steps are iter-
atively repeated until the inclusive Higgs p spectrum agrees well with the HRES prediction while
preserving the normalization of the Nje; > 2 component. The events simulated for VBF, W H, and
Z H production are re-weighted so that the py distributions of the Higgs bosons match the ones
predicted by HAWK (25,26 66].

The bbH production is only considered in the Measurement Analyses. Since the pr spectrum
of the associated b-jets is expected to be rather soft, and the kinematic distributions between the
ggF and bbH samples are checked to be quite similar, the selection efficiencies for bbH samples
are assumed to be always the same as ggF ones, including cases where the presence of b-jets is
required.

The stable particles, defined as the particles with a lifetime longer than 10 ps, are passed
through a full detector simulation [67] based on GEANT4 [68]]. Pileup effects are simulated by
overlaying each MC event with a variable number of MC inelastic pp collisions generated using
PYTHIAS, taking into account in-time pileup (collisions in the same bunch crossing as the signal),
out-of-time pileup (collisions in other bunch crossings within the time-window of the detector sen-
sitivity), and the LHC bunch train structure. The resulting detector signals are passed through the
same event reconstruction algorithms as used for the data. The MC events are weighted to repro-
duce the distribution of the average number of interactions per bunch crossing observed in the data.
Other known discrepancies between data and MC are also accounted for by applying corrections

or assigning systematic uncertainties.
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4.3 Simulation samples for high mass scalar signals

The scalar signal MC samples used in the Search Analysis are generated using the effective field
theory approach implemented in MADGRAPH5_AMC@NLO at NLO in QCD. From the Higgs
characterization framework [69], CP-even dimension five operators coupling the new resonance
to gluons and photons are included. Samples are generated with the NNPDF3.0 NLO [70] PDF
set, using the A14 tune [71] of PYTHIAS for the parton shower. Samples are produced for fixed
values of hypothesized signal masses (from 200 GeV to 2.4 TeV) and decay widths (from 4 MeV
to 15% of the signal mass value). Interference effect between signal and background processes
are neglected because it is expected to have limited impact [[72,|73|]. The generated events are
passed through full detector simulation, with pileup simulated using PYTHIA8 with the AZNLO
set of tuned parameters [74]]. The simulated events are corrected for pileup and other discrepancies

between data and MC.

4.4 Simulation samples for background processes

As mentioned in Chapter 2], the background estimates in the diphoton analyses discussed in this
thesis can be derived from data-driven methods. Nevertheless, MC simulations are necessary in the
procedure of selecting background fit models and evaluating associated systematic uncertainties to
be discussed in Chapter 7]

In the Discovery and Measurement Analyses, vy and 7 background samples with large statis-
tics (O(108) events) are generated with SHERPA [75}76]], and the jj samples are generated width
PYTHIAS. Since it is impossible to pass such large MC samples through full detector simulation,
which is very computationally intensive, they are instead processed by a fast smearing procedure
to account for major detector effects including photon and jet energy resolutions, photon identifi-
cation efficiencies and fake rates, and photon conversion status etc., which are derived from full
simulation samples. Due to the intrinsic limitation of the procedure, the smeared MC samples do
not contain b-jets, leptons, or missing transverse momentum ( £%) measurement. When such ob-
jects are involved (in some categories of the Coupling Analysis), data control samples are usually

used as replacement to study background models.
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In the Discovery Analysis, the v~y events are also produced with RESBOS [[77]] and DIPHOX [78]]
as cross checks.

In the Search Analysis the vy sample is also simulated with SHERPA, but it has relatively
limited statistics (O(10°) events) and is passed through full detector simulation. The vj and j;j

background contributions are estimated from data control samples instead of MC simulations.
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Chapter 5
Physics object definitions

5.1 Photons
5.1.1 Photon reconstruction

The photon reconstruction in the ATLAS detector is seeded by energy deposits (clusters) in the
EM calorimeter with transverse energy Er > 2.5 GeV in projective towers of size 0.075 x 0.123 in
the 1 X ¢ plane formed by a sliding-window algorithm [79]]. The cluster reconstruction efficiency
for photons and electrons with Er > 25 GeV is estimated from simulation [80] to be close to
100%. The reconstruction algorithm looks for possible matches between energy clusters and tracks
reconstructed in the inner detector and extrapolated to the calorimeter. Clusters matched to a well
reconstructed track originating from a vertex found in the beam interaction region are classified as
electron candidates. If the matched track(s) is consistent with originating from a photon conver-
sion process v — eTe~, and if in addition a conversion vertex is reconstructed, the corresponding
candidates are considered as converted photons. Converted photons are classified as single-track
or double-track conversions depending on the number of assigned tracks. Clusters without match-
ing tracks are classified as unconverted photon candidates. The efficiency to correctly reconstruct
photons from the clusters and tracks is 96% for prompt photons with Er > 25 GeV, while the
remaining 4% are incorrectly reconstructed as electron candidates. The probability for a real elec-
tron with Er > 25 GeV to be reconstructed as a photon fulfilling the fight identification criteria
described below is measured in data to vary between 3% and 10%, depending on the pseudorapid-
ity and the conversion class of the candidate [81]. The efficiency to reconstruct photon conversions
decreases at high Er (larger than 150 GeV) as it becomes more difficult to separate the two con-
version tracks. The overall photon reconstruction efficiency is thus reduced to about 90% for Er

around 1 TeV.
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5.1.2 Photon energy calibration

The understanding on photon energy calibration is evolving over time as more data are accu-
mulated. In this subsection the focus will be on the calibration scheme used in the Measurement
Analyses based on the Run 1 data [82]. Compared with the photon energy calibration used in
the Discovery Analysis [12], the updated calibration scheme to be discussed gives about 10% im-
provement in the expected invariant mass resolution for / — ~y events. The scheme has also been
adopted for the calibration of the 13 TeV data sample in Run 2 used by the Search Analysis [83]).

The energy measurement of photon starts from summing the energies measured in the EM
calorimeter cells belonging to the candidate cluster. The size of the cluster depends on the photon
classification: in the barrel, a An x A¢ = 0.075 x 0.123 cluster is used for unconverted photons,
and 0.075 x 0.172 for converted photons to account for the opening of the eTe™ pair in the ¢
direction due to the magnetic field. In the end-cap, a cluster size of An x A¢p = 0.125 x 0.123 is
used for both types of candidates. The cluster energy is corrected for energy losses in the inactive
materials in front of the calorimeter, for the fraction of energy deposited outside the cluster defined
in the n—¢ plane, and into the hadronic calorimeter in the direction of the shower propagation.
Finally, due to the finite cluster size in 1 and ¢ coordinates, and the variation of the amount of
absorber material crossed by incident particles as a function of ¢, a correction is introduced account
for the variation of the energy response as a function of the impact point on the calorimeter. The
calibration coefficients used to make this correction are obtained from a detailed simulation of the
detector geometry and are optimized with a Boosted Decision Tree (BDT) [[84]. The response is
calibrated separately for converted and unconverted photon candidates. The inputs to the energy
calibration algorithm are the measured energy per calorimeter layer (including the presampler),
the 7 position of the cluster, and the local position of the shower within the second-layer cell
corresponding to the cluster centroid. In addition, the track transverse momenta and the conversion
radius for converted photons are used as input to the regression algorithm to further improve the
energy resolution, especially at low energy. The energy scales of the data and simulation are
equalized by applying n-dependent correction factors to match the invariant mass distributions of
Z— ete” events. In this procedure, the simulated width of the Z boson resonance is matched to the

one observed in data by adding a contribution to the constant term of the electron energy resolution.
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The photon energy scales are confirmed by an independent analysis of radiative Z boson decays
within uncertainties. The energy response of the calorimeter in data varies by less than 0.1% over
time. The simulation is found to describe the dependence of the response on pileup conditions at

the same accuracy level.

5.1.3 Photon identification

The photon identification algorithm is based on the lateral and longitudinal energy profiles
of the shower measured in the EM calorimeter and the leakage into the hadronic calorimeter [85].
Prompt photons typically produce narrower energy profiles in the EM calorimeter and have smaller
leakage to the hadronic calorimeter compared with background jets. In addition, neutral hadrons
from jet fragmentation are often characterized by two separated energy maxima in the first strip
layer of the EM calorimeter. Based on these discriminating variables, two reference selections, a
loose one and a tight one, are defined. The loose selection is based on information only from the
second layer of the EM calorimeter and the hadronic calorimeter, and is typically used in photon
triggers and background studies. The tight selection adds information from the fine segmenta-
tion of the first layer of the EM calorimeter, and is typically used as part of the photon quality
requirement in offline analyses. The photon identification criteria are optimized separately for
unconverted and converted photon candidates. They are also tuned separately for different center-
of-mass energy with different pileup conditions: the criteria used for the 8 TeV and 13 TeV are
based on rectangular cuts optimized on MC simulations, while for the 7 TeV data the discriminat-
ing variables are combined into a single discriminant by a neural-network algorithm [84]. Small
corrections are applied to the discriminating variables in the simulation to account for the observed
mis-modeling of lateral shower profiles in the calorimeter. Correction factors as a function of 7,
Er and conversion class are derived to correct for the residual mismatch between the efficiency in
the simulation and the one measured in the data. The identification efficiency of the tight criteria
is typically around 85% for photon candidates with Ep > 40 GeV [85,86]]. The efficiency is in
general increasing with photon Ep and plateaus at high Erp. The efficiency for converted pho-
tons are typically a few percent higher than the one for unconverted photon. Typical rejection of

background from the tight criteria is about 5000 [42].
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5.1.4 Photon isolation

Two complementary isolation variables can be used to further suppress the jet background
in the photon candidate samples. The first variable is the calorimetric isolation (E%°), which is

calculated by summing up the transverse energies of positive-energy topological clusters [[79]] de-

posited in the calorimeter within a cone of AR = /(An)? 4+ (A¢)? = 0.4 around each photon.
The energy sum excludes the contribution due to the photon cluster and an estimate of the energy
deposited by the photon candidate outside its associated cluster. The median Fr density for the
event in question, caused by the underlying event and additional minimum-bias interactions occur-
ring in the same or neighboring bunch crossings (in-time and out-of-time pileup, respectively), is
subtracted on an event-by-event basis using an algorithm described in Reference [87] and imple-
mented as described in Reference [88]].

In spite of the corrections described above, the calorimetric isolation is observed to have de-
creasing signal selection efficiency at high pileup. To improve the efficiency of the isolation se-
lection for events with high pileup, the calorimetric isolation can be complemented by a track
isolation (p’°) defined as the scalar sum of the transverse momenta of all tracks with py > 1 GeV
(0.4 GeV) for the 8 TeV and 13 TeV (7 TeV) data within a cone of size AR = 0.2 around each
photon. The track isolation efficiency is insensitive to out-of-time pileup, and its dependence on
the in-time pileup is reduced by selecting only tracks consistent with originating from the diphoton
production vertex (see next subsection) and not associated with converted photon candidates with
requirements on impact parameters [81,/89]. The efficiency of the isolation cuts in the simulation
is corrected by a small pp-dependent factor extracted from measurements in data performed with

a pure sample of photons from radiative Z— e*e~ 7 decays and Z— eTe™ events.

5.1.5 Diphoton vertex selection

The invariant mass of the two photons m.,,, is given by

My = \/2F1 Fy(1 — cos a), (5.1)

where F, and F, are the energies of the two photons, and « is the opening angle between them
with respect to their production vertex. The selection of the correct diphoton production vertex is

hence important for the resolution of the & measurement, and thus for the precise measurement of
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M.~ Since the ATLAS EM calorimeter is longitudinally segmented, it can provide measurement
of photon trajectories (photon pointing), which can then be extrapolated back to the beam inter-
action region. A position resolution on the diphoton production vertex of about 15 mm in the z
direction with the photon pointing technique alone is achieved [42], which is sufficient to keep the
contribution from the opening angle to the mass resolution smaller than the contribution from the
energy resolution. Nevertheless, an efficient procedure to select the diphoton production vertex
among the primary vertex candidates reconstructed with the ID is still necessary, because it allows
the computation of the track-based quantities used in the quality requirements of physics objects,
such as the photon track isolation discussed in the last subsection and the jet vertex fraction to be
detailed in the next subsection.

The diphoton production vertex is selected using multivariate analysis (MVA) technique com-
bining the position and recoil information of each candidate vertex. In the Measurement and Search
Analyses, the following input variables are used || the combined z-position of the intersections of
the extrapolated photon trajectories with the beam axis; the sum of the squared transverse momenta
>~ p3 and the scalar sum of the transverse momenta pr of the tracks associated with the vertex;
the difference in azimuthal angle A¢ between the direction defined by the vector sum of the track
momenta and that of the diphoton system. For converted photons, the position of the conversion
vertex is also used if tracks from the conversion have hits in the silicon detectors.

The production vertex selection is studied with Z— eTe™ events in data and simulation by re-
moving the electron tracks from the events and then measuring the efficiency for finding the vertex
associated with the Z boson production. The MC simulation is found to accurately describe the ef-
ficiency measured in data, as shown in Figure |5.1|from the Measurement Analyses. The efficiency
for finding the reconstructed diphoton primary vertex (epy) in simulated H — gg events from ggF
production within 0.3 mm (15 mm) of the true vertex is around 85% (93%) over the typical range
of the number of collision vertices per event observed in the 8 TeV data. The efficiency epy in-
creases for large diphoton pr as the hadron system recoiling against the diphoton evolves into one
or more jets, which in turn contain additional higher pr tracks. These additional tracks make it
more likely to reconstruct the diphoton vertex as a primary vertex. Therefore, by re-weighting the

simulated Z— e"e™ events to approximate the harder pr spectrum of the simulated Higgs boson

' The Discovery Analysis uses similar algorithm, but with fewer input variables and different MVA method.
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signal, epy 1s well reproduced. The selection efficiencies for the 7 TeV data and MC samples are
slightly higher due to lower pileup. In the 13 TeV data the MVA algorithm is re-trained, and the

corresponding efficiency epy 1s about 88%.

1.1
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Figure 5.1: Efficiency to select a diphoton vertex within 0.3 mm of the production vertex (epy) as
a function of the number of primary vertices in the event in the Measurement Analyses. The plot
shows epy for simulated ggF events (my = 125 GeV) with two unconverted photons (empty blue
squares), for Z— e*e™~ events with the electron tracks removed for the neural-network-based iden-
tification of the vertex, both in data (black triangles) and simulation (red triangles), and the same
simulated Z— e*e~ events re-weighted to reproduce the pr spectrum of simulated ggF events (red

circles).

5.2 Other physics objects

Leptons (muons and electrons), jets, and missing transverse momentum are essential for sepa-
rating different production mechanisms of the Higgs boson, which is the key to the measurements
of Higgs boson couplings. Below the definitions of these objects used in the Coupling Analysis will
be briefly discussed. Jets are actually also used in the Discovery Analysis to select candidate VBF

events, but with slightly different (and obsolete) definition which will be covered in Section[9.1]
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5.2.1 Leptons

The reconstruction of electron candidates has been discussed together with photon candi-
dates in Section [5.I.1] Electron candidates are required to satisfy the loose identification cri-
terion of a likelihood-based discriminating variable [90]. A cut-based identification selection
is used in the 7 TeV analysis and the electrons are required to fulfill the medium criteria de-
fined in Reference [91]. The determination of the energy of the electron candidate is performed
using a An x A¢ = 0.075 x 0.172 cluster in the barrel to recover the energy spread in ¢ from
bremsstrahlung photons, while a 0.125 x 0.123 cluster is used in the end-cap. The cluster energy
is calibrated using similar procedure as discussed in Section with a dedicated set of calibra-
tion coefficients optimized for electrons. The transverse momentum pr of an electron is computed
from the cluster energy and the track direction at the interaction point. Electrons are required to
be in the region || < 2.47 and to satisfy Ex > 15 GeV. The combined electron reconstruction and
identification efficiency for the analysis of the 8 TeV (7 TeV) data ranges from 86% (68%) to 93%
(89%) for electron transverse energies between 15 GeV and 50 GeV [90,91]]. Finally, the electron
candidates must satisfy both the track-based and calorimetric isolation criteria relative to the Ep
of the candidate. The calorimetric transverse isolation energy within a AR = 0.4 cone is required
to be less than 20% of the electron Et, whereas the sum of the transverse momenta of the tracks
within a cone of AR = 0.2 around the track of the electron candidate is required to be less than
15% of the electron Er.

Muon candidates are built from tracks reconstructed independently in the MS and in the ID and
from energy deposits measured in the calorimeters [92]. Different types of muon candidates are
built depending on the available information from the different sub-detector systems: the main al-
gorithm combines tracks reconstructed separately by the ID and the MS. To extend the acceptance
region beyond the ID limit to include 2.5 < |n| < 2.7, tracks reconstructed in the MS standalone
are used. Finally, to increase the acceptance for low-pr muons or for muons that pass through
uninstrumented regions of the MS, muon candidates are reconstructed from tracks in the ID asso-
ciated with a track segment in the MS or to a calorimetric energy deposition compatible with the
one from a minimum-ionizing particle. Muons from all different algorithms mentioned above are

used and required to have || < 2.7 and pr > 10 GeV. The combination of the different algorithms
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ensure around 99% efficiency to detect a muon over the full acceptance range. A candidate is also

required to satisfy exactly the same isolation criteria (relative to its pr) as for electrons.

5.2.2 Jets

Jets are reconstructed using the anti-k; algorithm [93]] with radius parameter R = 0.4, and are
required to have |n| < 4.4 and satisfy (unless stated otherwise) pr > 25 GeV. Jets are discarded if
they are within AR = 0.2 of an isolated electron or within AR = 0.4 of an isolated photon. The
inputs to the jet-finding are topological calorimeter clusters [94] formed with the energy calibration
appropriate for electromagnetic showers. The jet energy is calibrated using scale factors extracted
from simulated dijet events by matching the energies of the generator-level and reconstructed jets.
In addition, for the 8 TeV data, the pileup dependence of the jet response is suppressed by sub-
tracting the median L't density for the event multiplied by the transverse area of the jet [95,96]]. A
residual pileup correction that is proportional to the number of reconstructed primary vertices and
to the average number of interactions per bunch crossing further reduces the pileup dependence,
in particular, in the forward region. Finally, the jet energy is corrected by an absolute scale factor
determined using y+jet, Z+jet and multijet events in data, and a relative 7-dependent factor mea-
sured with dijet events in data. In order to suppress jets produced by pileup, jets within the tracking
acceptance (|n;| < 2.4) are required to have a jet vertex fraction (JVF) [96], defined as the sum of
pr of the tracks associated with the jet that are produced at the diphoton primary vertex, divided by
the sum of pr of the tracks associated with the jet from all collision vertices, larger than 0.5 (0.25)
for the 7 TeV (8 TeV) data, respectively.

In order to identify jets containing a b-hadron (b-jets), a neural-network-based algorithm is
used to combine information from the tracks in a jet. Since b-hadrons are long-lived (life time is
approximately 107'2 s), the neural-network exploits the measurements of the impact parameters
of the tracks, any secondary vertices, and the outputs of decay topology algorithms as discussed in
References [97,98]]. Four different working points with efficiencies for identifying b-jets (rejection
factors for light jets) of 60% (450), 70% (140), 80% (29), and 85% (11) are used in the analysis.
The efficiencies and rejection factors at the working points are calibrated using control samples of

data.
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5.2.3 Missing transverse momentum

The measurement of the magnitude of the missing transverse momentum EX** is based on
the transverse energy of all photon, electron and muon candidates, all jets sufficiently isolated
from these candidates, and all calorimeter energy clusters not associated with these candidates
nor jets (soft term) [99]]. In order to improve the discrimination of multi-jet events, where E%“iss
arises mainly from energy resolution effects, from events with a large fraction of ET due to
non-interacting particles, an E*5-significance is defined as E2 /o pmiss, Where the square root of
the scalar sum of the transverse energies of all objects ¥ Er is used in the estimator of the Emiss
resolution o guiss = 0.67 [GeV'/2]\/SEr. The proportionality factor 0.67 [GeV'/?] is determined

with fully reconstructed Z — ¢¢ events by removing the leptons in the measurement of EX* [[100].
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Chapter 6

Diphoton event selections

Diphoton event selections in various analyses to be covered in this thesis are quite similar. In
order to avoid duplicated discussions, this chapter will give a compact summary of their common

aspects as well as differences.

6.1 Event selection used for discovery of Higgs boson

Samples used in the Discovery Analysis are selected using a diphoton trigger [101], which
requires two clusters formed from energy depositions in the EM calorimeter. An Er threshold of
20 GeV is applied to each cluster for the 7 TeV data, while for the 8 TeV data the thresholds are
increased to 35 GeV for the leading (the highest Et) cluster and to 25 GeV for the sub-leading
(the next-highest E1) cluster. In addition, loose criteria are applied to the shapes of the clusters
to match the expectations for electromagnetic showers initiated by photons. The efficiency of the
trigger is greater than 99% for events passing the final event selection.

Photon candidates are reconstructed in the fiducial region of the EM calorimeter defined by
In| < 2.37 E], excluding the calorimeter barrel/end-cap transition region 1.37 < |n| < 1.52. Photon
candidates in the fiducial region are ordered according to their £r, and only the leading two photon
candidates are considered. The leading and sub-leading photon candidates are required to have
Er > 40 GeV and 30 GeV, respectively. Photon candidates are required to pass tight identification
criteriaas discussed in Section In addition, the calorimetric isolation of photon candidates
E° is required to be less than 4 GeV. Finally, the diphoton invariant mass is required to be

between 100 GeV and 160 GeV.

! Pseudorapidity defining the fiducial region of the EM calorimeter is measured from the second layer of the EM

calorimeter.
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With all the selections applied, 23788 events are selected from the 7 TeV data, and 35271 events
are selected from the 8 TeV data. The composition of the dataset is estimated using data-driven
methods detailed in Reference [102] for v+, 77 and j7 contributions. The fraction of v~y events in
the selected sample is estimated to be (80 +4)% in the 7 TeV data and (7573)% in the 8 TeV data.
The fractions of ~j and jj events are estimated to be (19 4+ 3)% ((22 £ 2)%) and (1.8 & 0.5)%
((2.6 £ 0.5)%) in the 7 TeV (8 TeV) data sample. Contribution from Drell-Yan process is also
estimated to be only about 1%. The number of events for each component in the selected diphoton

events sample, obtained independently in each bin of m.,, is shown in Figure
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Figure 6.1: Diphoton sample composition as a function of the invariant mass for the 7 TeV (a)
and the 8 TeV (b) dataset used in the Discovery Analysis. The small contribution from Drell-Yan
events is included in the diphoton component. The error bars on each point represent the statistical

uncertainty on the measurement while the colored bands represent the total uncertainty.

6.2 Event selection used for measurements of Higgs boson properties

Changes introduced to the diphoton event selection of the Measurement Analyses with respect
to the Discovery Analysis are summarized below.
Fiducial region of the EM calorimeter: the barrel/end-cap transition region to be excluded is
extended from 1.37 < |n| < 1.52 to 1.37 < |n| < 1.56 due to deteriorated performance of photon
identification in the data sample.
Er requirements: the £t requirements for leading and sub-leading photon candidates change to

Er/m,, > 0.35 and 0.25, respectively. While the new requirements do not affect the sensitivity to
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a SM Higgs boson with my = 125 GeV, compared with the constant Er requirements used in the
Discovery Analysis they make m.,, spectra easier to model. The new criteria also allow harmonized
selection with other H — -y analyses such as spin [103]] and differential cross sections [[104]].
Isolation requirements: calorimetric isolation is loosened from 4 GeV to 6 GeV, and a track
isolation requirement of less than 2.6 GeV is added to mitigate the increase of background and also
reduce the dependency on pileup, as shown in Figure [6.2] In 7 TeV data sample the combination
of calorimetric (EifO < 5.5 GeV) and track isolation (piTSO < 2.2 GeV) requirements are tuned to
achieve similar performance as those used for 8 TeV.

Mass range: because at m,, = 100 GeV the offline Er selection of 35 GeV (25 GeV) for leading
(sub-leading) photon is right at the 8 TeV trigger threshold, the lower boundary of mass range is

raised from 100 GeV to 105 GeV to avoid trigger inefficiency.
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Figure 6.2: Efficiency to fulfill the isolation requirement (¢;5,) as a function of the number of
primary vertices in each event in the Measurement Analyses, determined with a simulation sample
of Higgs bosons decaying into two photons with my = 125 GeV and /s = 8 TeV. Events
are required to satisfy the kinematic selection described in the text. The efficiency of the event
selection obtained with a tight calorimetric isolation requirement (4 GeV) is compared with the
case in which a looser calorimetric isolation (6 GeV) is combined with a track isolation (2.6 GeV)

selection.

A total of 94566 and 17225 events are selected from the 8 TeV and 7 TeV data, respectively.
The contributions from ~y, vj and jj are estimated to be 84+8% (77+3%), 15+8% (20+2%),
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and 1+1% (3+1%) for the 7 TeV (y/s = 8 TeV) data, respectively based on method described in
References [[81]]. The number of events for each component in the selected diphoton events sample,

obtained independently in each bin of 1., is shown in Figure [6.3]
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Figure 6.3: Diphoton sample composition as a function of the invariant mass for the 7 TeV (a) and
the 8 TeV (b) dataset used in the Measurement Analyses. The small contribution from Drell-Yan
events is included in the diphoton component. The error bars on each point represent the statistical

uncertainty on the measurement while the colored bands represent the total uncertainty.

6.3 Event selection used for search of high mass scalar particle

Selections used in the Search Analysis have been optimized for searching new scalar particle
with mass heavier than the SM Higgs boson. More details are summarized below.
Trigger: trigger threshold (35 GeV for leading photon candidate, 25 GeV for sub-leading) is
unchanged with respect to the one used for the 8 TeV data. Also similar to 8 TeV trigger the loose
criteria is applied on the shower shape.
Fiducial region of the EM calorimeter: same as the Discovery Analysis (|n| < 2.37, excluding
1.37 < |n| < 1.52).
Er requirements: the Search Analysis use similar mass dependent Er requirements similar to the
Measurement Analyses, but the coefficients have been re-optimized for high mass scalar signal to
be Et/m.., > 0.4 and 0.3 for leading and sub-leading photon candidates, respectively.
Photon identification: tight identification criteria tuned for LHC Run 2 data taking condition are

applied.
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Isolation requirements: the isolation criteria in the Search Analysis are mass dependent. The
calorimetric isolation requirement for photon candidates is Fi° < 0.022FEt + 2.45 GeV. The track
isolation requirement is pi° < 0.05FEr.
Mass range: the diphoton invariant mass is required to be larger than 150 GeV.

In total 7765 events are selected from the 2015 data, and 28126 events are selected from the
2016 data with selections detailed above. The average purity of the 7 component is (907%,)%.
The composition of the data sample is measured with more than two methods [43], with good

agreement achieved between their results. The differential decomposition is shown in Figure [6.4]
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Figure 6.4: Diphoton sample composition as a function of the invariant mass for the 13 TeV dataset
used in the Search Analysis. The bottom panel shows the purity of diphoton events as determined
from two independent methods (matrix and 2 x2D sidebands) with good agreement achieved. The

total uncertainties including statistical and systematic components are shown by error bars.
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Chapter 7

Signal and background modeling

The elegancy of the diphoton analyses lies in the fact that both the signal and background
invariant mass distributions can be modeled by analytic functions. This chapter is devoted to

describing how the fit models for signal (Section[7.1]) and background (Section[7.2)) are determined.

7.1 Modeling of signal diphoton invariant mass shape and yield
7.1.1 Modeling of Standard Model Higgs boson decaying into two photons

Both Discovery and Measurement Analyses involve modeling of the SM Higgs boson signal. In
this subsection the Measurement Analyses will be used as an example to demonstrate the procedure,
which is essentially identical to the one used in the Discovery Analyses except for a few minor
technical differences that have almost no effect on the results.

The signal modeling of the Higgs boson involves two aspects: modeling of the signal shape
and modeling of the expected signal yields. The expected signal yield as a function of Higgs boson
mass my can be well described by a third order polynomial for each production mode in each
analysis category. The modeling of the signal diphoton invariant mass shape, on the other hand, is
more sophisticated and will be detailed below.

As discussed in Chapter 2} the SM Higgs boson has only about 4 MeV natural width near
125 GeV. Therefore the diphoton invariant mass shape of the signal is expected to be dominated
by detector resolution (O(1 GeV)), which can be well described by the sum of a Crystal Ball

function [105] (fcg) and a Gaussian (fga):

fs(mwy HCB, OCB, OCB, NCB; PCB, HGA UGA)

= ¢cB foB(May, fieB, 0cB, acr, ne) + (1 — ¢cB) faa (M, taas oga). (7.1)
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Here pcp and ocp are the peak position and the width of the (Gaussian) core of the Crystal Ball
function, respectively, and puga and oga are the peak position and the width of the Gaussian
function, respectively. The power-law tail of fcp is parameterized by acp and ncg. The fraction
of fcp in the composite model is controlled by ¢cp. Typically, the bulk part of the signal shape
is described by fcp, while fga describes the outliers, therefore ¢cp is usually more close to unity
than zero.

Except for ncp, which is fixed to ncg = 10, the rest of the parameters in fg are parameterized
as polynomials of my. The coefficients of the polynomials are determined by a simultaneous
maximum likelihood fit to signal MC simulations at multiple mass points discussed in Section 4.2}
MC sample at a specific mass point is weighted by the corresponding expected number of selected
signal events in the fit. Since the signal m.., shape has been checked to be close enough among
different Higgs boson production processes, only one signal model corresponding to the inclusive
case will be derived and then applied to all production modes. This procedure is repeated for
each analysis category to provide a categorized analytic signal model as a function of my for the
analysis.

Figure shows the signal parameterization overlaid with signal MC simulation at my =
125 GeV in one actual category of the Coupling Analysis to be discussed in Chapter Good

agreement between the parameterization and MC simulation is achieved.

7.1.2 Modeling of high mass scalar particle decaying into two photons

The Search Analysis is looking for not only narrow resonances (i.e. natural width of the particle
is negligible compared with detector resolution), but also wide resonances with non-trivial natural
widths. Hence the procedure discussed in the previous subsection needs to be expanded to consider
both detector resolution and theoretical line-shape.

In the Search Analysis, the detector resolution is parameterized with double-sided Crystal Ball

(DSCB) function, which is adopted in Run 2 diphoton analyses to replace the Crystal Ball plus
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Figure 7.1: Simulated diphoton invariant mass distribution for Standard Model Higgs boson signal
with my = 125 GeV in one category of the Coupling Analysis superimposed with parameteriza-

tion determined from the procedure described in the text.
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Gaussian prescription previously discussed. It is defined as:

p
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where ¢t = (m,, — pic)/ocp, N is a normalization parameter, jcp and ocp are again the peak
position and the width of the Gaussian core, respectively. Unlike the Crystal Ball function, which
only has power-law tail on one side, DSCB has power-law tails at both low-mass and high-mass
sides, which are controlled by oy /migh and Mo migh. Very similar to the procedure discussed in
last subsection, the parameters of the DSCB are determined as function of the particle mass m x
using narrow width (I'y = 4 MeV) simulations at different m x points.

The theoretical line-shape of the signal is the multiplication of the following three constituents:

o the Breit—Wigner form used in MADGRAPHS5 AMC@NLO [54];
e analytic parameterization of the gg parton luminosity provided by NNPDF3.0 NLO [70];

o the product of the matrix element of the effective field theory by the flux factor (ox mgw) and

the phase space (o< m.,) [69].

The above prescription has been validated on the particle-level invariant mass distribution of the
signal MC simulation, as shown in Figure

The final signal parameterization used in the Search Analysis is the convolution of the detec-
tor resolution and theoretical line-shape. The good agreement between the parameterization and
simulation at both narrow width and large width is shown in Figure

As for the signal yield, it can be expressed as the product of three terms: the production cross
section times branching ratio to two photons, the acceptance (A) of the kinematic requirements,
and the reconstruction and identification efficiency (C'). The acceptance A is defined as the fraction
of events satisfying the fiducial acceptance at the generator level. The factor C' is defined as the
ratio of the number of events fulfilling all the selections placed on reconstructed quantities to
the number of events in the fiducial acceptance. The fiducial acceptance in the Search Analysis

closely follows the selection criteria applied to the reconstructed data as discussed in Chapter [6}



41

ih "ﬁ
200 400 600 800 1000 1200 1400 1600 1800 2000
m,, [GeV]

[

104 E} T 1T 7T T 1T 7T L I L I T 1T T I T 1T T I T 1T T I T 1T 7T I T T |_:
=, ; m,=750 GeV, I",=45 GeV
L, X2 =0.921884..=

10°E =

10 e E
E e ., g .

10 E_ ' .'...... '.-...... iy :\.I.! ++ + . _E
il e, L ST d
' ....‘.. '-......‘ | | || > | |!‘
?; I | - I 11 I 11 1 I 11 1 I 11 1 I ..I...I.'-I I 11 Il I 11 I

Figure 7.2: The true m.,, distributions of the resonance with mx = 750 GeV and width of 6% of
the m y value in the Search Analysis. The dashed red line is the gluon-gluon luminosity, the dashed
green line is the functional form m;/ (arising from the numerator of the squared matrix element,
multiplied by the Jacobian factor of the variable transformation 5 — 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, shown as the black histogram. No selection cuts have been applied to the true

photons.

Iny| < 2.37, Ex > 0.4m,, (leading ), Ex > 0.3m.,, (sub-leading 7). The isolation requirement
E¥° < 0.05E7 + 6 GeV is applied, where EX° is computed using all particles with lifetime greater
than 10 ps at the generator level in a cone of AR = 0.4 around the photon direction. The value of
the isolation requirement applied at the particle level is adjusted to reproduce the selection applied
at the reconstruction level.

To reduce the dependence on the production mechanism, the limit results of the Search Analysis
to be discussed in Chapter 12| are thus quoted in terms of the fiducial cross section, defined as the
product of the cross section times the branching ratio to two photons within the fiducial acceptance.

The simulation of a narrow-width signal produced by ggF mentioned in Chapter [ is used to
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Figure 7.3: The m., distributions for a scalar resonance in the Search Analysis with a mass of
800 GeV with (a) a narrow decay width (I'xy = 4 MeV) or with (b) 'y /mx = 6%. The param-
eterization as the convolution of the theoretical mass line shape with the detector resolution is

superimposed.

compute the nominal value of C', which ranges from 66% for a particle of mass 200 GeV to 74%

at 700 GeV and is almost constant above 700 GeV.
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7.2 Modeling of background diphoton invariant mass shape and normaliza-
tion

Though it seems rather convenient to parameterize data sideband to provide background esti-
mates, given typical signal over background ratio is only a few percent in the diphoton decay chan-
nel, it is critical to have a robust background modeling procedure that balances statistical power
and potential modeling bias. Below a general description of the background modeling procedure
used in this thesis will be discussed, assuming that there has been a background template (prepared
from MC simulation or data control region) with reasonable description of data sideband as well
as decent statistics ready for studies. Preparation of such background templates and background
modeling results will be detailed for each analysis in coming chapters.

A fit model is the complete set of functional form, fit range, and possible additional constraints
on the model parameters. As technical prerequisites, the background fit model should be stable
and proved to be robust under the conditions of the data sample for which it is tested. In addition,
it should not show evident systematic bias when fitting the background template and possibly also
the data sideband. On the background template side, it should be validated without unexpected
features, and should have decent enough statistics to discern potential bias from the fit model.

As the first step, the a signal component is added to the background fit model to form an
extended signal plus background probability density function (pdf) ﬂ This pdf will be fitted to
the background template (usually normalized to data sideband), and the number of apparent signal
events obtained from the fit, or the so-called spurious signal, will quantify the potential bias from
the current choice of background fit model on the hypothesized signal tested. In the context of
Discovery and Measurement Analyses, the absolute value of the spurious signal is required to be

smaller than either of the following two criteria:
1. 10% of the expected number of signal events;
2. 20% of the uncertainty on the signal yield.

It is worth noting that as a desirable feature, the second criterion will become more stringent with

increased luminosity L, because the spurious signal scales with L while this criterion only scales

! Extended pdf means that the expected sum of signal and background events can fluctuate around the normalization

of the sample being fitted.
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with v/L. In the Search Analysis, since there is no well-defined signal expectation, only the second
criterion is kept and loosened from 20% to 30% of the uncertainty on the signal yield due to known
caveats of the background templates used.

The spurious signal criteria are still easy to circumvent: one could simply add more and more
degrees of freedom to the functional form until it can pass. By doing so, however, the sensitivity
of the analysis is spoiled, and the functional form with too many degrees of freedom may over-fit
the data by picking up fluctuations. To avoid such a situation, for all the background fit models
passing the criteria, only the one yields best sensitivity should be selected.

In the search of a potential new particle (e.g. in the Discovery and Search Analyses), the spu-
rious criteria should be satisfied in all phase space to be explored. In the measurement of particle
properties (e.g. in the Measurement Analysis), the spurious signal also needs to be evaluated in
a reasonable span around the signal region to ensure the quality of background model. When
there are multiple background templates available in the test, the most conservative spurious signal
among all should be used.

The normalization of background is always a free parameter which will be determined when

fitting the extended signal plus background pdf to the data.
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Chapter 8
Statistical procedure

8.1 Likelihood construction for diphoton analyses

The extended likelihood function for a given category c of a diphoton analysis discussed in this

thesis can be written as follows:

L, = Pois(n.|N.(a, 9)) chm a,0)-G(8), (8.1)

Y’

where n. is the observed number of events, /N, is the expected number of events, fc(mﬁw) is the
value of the pdf of the m.,, distribution evaluated for each event i, o are parameters of interest
(parameters to be studied), and @ are nuisance parameters (other parameters which can be adjusted
in the maximum likelihood fit). Those nuisance parameters corresponding to the implementation
of systematic uncertainties 8’ are constrained by a set of pdfs GG(8’) representing the knowledge
from auxiliary measurements (e.g. measurement of integrated luminosity) together with the re-
sponse functions to be discussed later. The mean values of the constraint pdfs in G(6’), which
represent the assumed central values of auxiliary measurements (usually scaled to 0), are called
global observables. The exact scope of parameters of interest and nuisance parameters need to be
determined on a case-by-case basis. For instance, in the measurement of Higgs boson couplings
(Chapter [I0) the signal strength parameter ;. (to be defined later) is the parameter of interest,
whereas in the measurement of Higgs boson mass (Chapter my 1s the parameter of interest
instead, and p now becomes a nuisance parameter which is floating in the fit to reduce model
dependency.

The number of expected events is the sum of the hypothesized number of signal events, V_. hypo

sig,c *

plus the fitted number of background candidates, Ny, ., and the fitted spurious signal, Ngur,c -
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espur,a

N Nhypo + kag,c + Nspur,c : espur,c' (82)

sig,c

In the Discovery and Measurement Analyses, the SM prediction of the Higgs boson as a function

of my is well defined, hence the hypothesized number of signal events, stfgpco, can be further
expanded as

NG = - N o071, 07 may) (8.3)

=D 1Ny (655, 652 myr), (8.4)

where p is the combined signal strength parameter, Ng (69, ™ my) is the number of sig-
nal events predicted by the SM from all production processes, 874 and @™ are the nuisance

parameters that implement the systematic uncertainties affecting the yields of the Higgs boson

Nhypo

sig,c can be

production in the current category and migration from other categories, respectively.
further decomposed to the sum of signal strength times expected number of signal events for each
production process p (ggF, VBF...) as shown in Equation (8.4).

In the Search Analysis the theoretical prediction is less sharp. In particular, the production
cross section of the new physics is essentially unknown a priori. Hence instead of introducing

signal strength, as discussed in Section[7.1.2]the fiducial production cross section times branching

ratio (0 x BR)/" is used as parameter of interest:

Nhypo _ L(elumz) . C(azield’mx) . (O' % BR)fid.7 (85)

sig,c

where L is the integrated luminosity, 6;,,,,,; is the nuisance parameter for uncertainty on luminosity
measurement, C'is the correction factor derived for the fiducial acceptance defined in Section|7.1.2
Due to the way the dataset is categorized (to be detailed in Chapter[I2)), only uncertainties on signal
yields are relevant in the Search Analysis.

The signal and background pdfs in each category are introduced as follows:

i hypo shape shape
fC(m'y'y> - [(ngpc + NSPUT:C * Uspur, C) fSIg C( ’y’weblgs ) + kagvc ) fbk& ( ’y'y’ ebkgl,)c )]/NC?

h h . : L .
where 057" and 6}, :"" are nuisance parameters affecting the shapes of the invariant mass distri-

butions of the signal fs . and background fi, ., respectively.
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Apart from the spurious signal, systematic uncertainties are incorporated into the likelihood by
multiplying the relevant parameter of the statistical model by a response function. In the case of a

Gaussian pdf for the effect of an uncertainty of size o, it can be written as
Fgo(o,0) = (1+40-0), (8.6)

and for cases where a negative model parameter does not make physical sense, the log-normal pdf
is used instead:

Fin(o,0) = o), (8.7)

In both cases the corresponding component of the constraint product G(6) is a unit Gaussian cen-
tered at zero for . The systematic uncertainties affecting the yield (such as luminosity, photon
identification etc.) and mass resolution use the log-normal form while a Gaussian form is used for
the rest.

The combined likelihood function is essentially the multiplication of the likelihood of indi-
vidual categories (in the context of categorized analysis) or channels (in the context of statistical
combination). When two systematic uncertainties are considered fully correlated, they share the
same nuisance parameter and also the same constraint pdf in the combined likelihood, although
the magnitude and sign of the uncertainties are still allowed to differ. Systematic uncertainties (e.g.
luminosity uncertainties from ATLAS and CMS experiments) with partial correlations are usually
first decomposed into their uncorrelated and fully correlated components before being assigned to

nuisance parameters.

8.2 Statistical tests

Profiled likelihood ratio is the foundation of statistical interpretations of physics results pre-
sented in this thesis. Take the combined signal strength p as parameter of interest (the discussion

can be easily extended to other cases), the profile likelihood ratio can be constructed as

Ap) = =202, (8.8)

where [ and 6 are the values of the combined signal strength and nuisance parameters that un-

conditionally maximize the likelihood, while @(u) are the values of the nuisance parameters that
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maximize the likelihood on the condition that x is fixed to a given value. In the following sub-
sections the constructions of test statistics for different purposes are detailed. For all these test
statistics, the analytic asymptotic approximations [106] are valid for producing results reported in

this thesis and will also be provided.

8.2.1 Test statistic for discovery of a positive signal

To establish the discovery of a positive signal, the test statistic qq is used:

—2InA(0) ifAa>0

do (8.9)

0 otherwise.
In the definition above a deficit in the data is considered compatible with background-only hypoth-
esis (i.e. p = 0). The asymptotic sampling distribution f(qo|0) is half delta function plus half

chi-squared function with unit degree of freedom:

1 1 1
F(a0l0) = 50(q0) + 5 —o=—=e """ (8.10)
227 \/_
The cumulative distribution is found to be simply:
F(q0l0) = ®(/q0)- (8.11)

where @ is the cumulative distribution of the unit Gaussian. The p-value of the ;# = 0 hypothesis

therefore can be written as:

po =1 — F(qol0). (8.12)

8.2.2 Test statistic for upper limits

To establish an upper limit on the signal strength parameter x4 of a potential positive signal, the
definition of A(1) can be slightly modified, such that a deficit in the data is considered compatible

with background-only hypothesis:

_ Alp)  ifp>0
Apy=4 . (8.13)

L@dW)  giherwise.
£(0,6(0))
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The test statistic used for limit setting, g, is defined as:

—2InA(p) ifp<p

Gu = (8.14)
0 otherwise.

The reason for setting g, = 0 for /i > p is that when setting an upper limit, one would not regard

data with {t > p as representing less compatibility with p, and therefore this is not taken as part of

the rejection region of the test.

As with the case of discovery, the p-value quantifying the level of agreement between the data

and hypothesized u is defined as

Pu = / f(@ulm)dg,, (8.15)
qu,obs

The asymptotic sampling distribution of is found to be:

1.1 1 1 5 p=p\2 : 5 2/ .2
i W= §—Wjexp[—§(\/ﬂ— )] if0 < g, <p’/o
Py = @(=—)8(.) + 4 V" e (8.16)
—\/ﬁ(lm 72 exp[—% 2y “(2# /g 72 | otherwise.
The corresponding cumulative distribution is
~ (/G — =) 0 < G, < p?/o?
F@u)=q (8.17)
@(W} otherwise,
and the p-value of the hypothesized p is
Pu=1—=F(qulp). (8.18)

The upper limits presented in this thesis are calculated using the C'Lg procedure [107]. The
quantity C'L is defined as

OLy(n) = 1 L (8.19)

where py is the p-value corresponding to the background-only hypothesis

o = F(q,]0). (8.20)

The C'L, upper limit on z (44, is obtained by solving for C' Ly(fty,) = 5%. The C'L, procedure is

used to ensure a signal hypothesis is not excluded by the experiment when there is little sensitivity.
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As for the bands around the expected limit, a more advanced procedure compared with the
one presented in Reference [106] has been used to improve the agreement between asymptotic
approximation and pseudo-experiments. Readers can refer to Reference [[108]] for more technical

details.

8.2.3 Test statistic for measurements and compatibility tests

Many measurements discussed in this thesis only involve a single parameter of interest. The

test statistic used in such cases () is defined as follows:
t, =—2InA(p). (8.21)

The asymptotic sampling distribution ¢,, follows is simply the chi-squared distribution with one
degree of freedom:

ftulp) = e /2, (8.22)

A

1
V2T

and the corresponding cumulative distribution is

by

F(t,|p) =20(\/t,) — 1. (8.23)

The total uncertainty fﬁfji

at the 68% confidence level (CL) of measured signal strength p with best
fit value /1 is estimated by finding the points which make ¢;,5,. = ?3—5,. = 1. The calculation
is usually done through scanning twice of the negative log-likelihood as a function of parameter
of interest as to be shown in coming chapters. The statistical component of the total uncertainty
is estimated by fixing all the nuisance parameters associated with systematic uncertainties (8”) to
their values from the unconditional maximum likelihood fit, and finding the new points which set
t,+s, = 1. The total systematic uncertainty is given by the quadratic difference between the total
and statistical uncertainties. A more detailed split of the systematic uncertainty can be carried out
similarly by fixing corresponding nuisance parameters and then performing quadratic subtractions.

When more than one parameter of interest is evaluated at the same time, the construction of the

test statistic can be generalized to:

(8.24)
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The asymptotic sampling distribution 7'(cx) follows is a chi-squared distribution with n degrees of
freedom, n being the size of a.
The technical implementations of the statistical procedure is based on the ROOFIT [[109],

ROOSTATS [110]], and HISTFACTORY [111]] data modeling and handling packages.
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Chapter 9

Discovery of Higgs boson in diphoton decay channel

This chapter details the observation of the Higgs boson in the diphoton decay channel by the
ATLAS experiment [[12]] (Discovery Analysis). The focus will be on event categorization, system-
atic uncertainties (including background modeling study), and statistical results (including combi-
nation with other decay channels). Discussions on other aspects of the analysis have been covered

previous chapters (same for other analyses to be reported).

9.1 Event categorization

To increase the sensitivity to a SM Higgs boson signal, in the Discovery Analysis the events
are classified into ten mutually exclusive categories with different mass resolutions and signal-to-
background ratios.

First, an exclusive Two-jet category concentrating the VBEF events is defined. It requires at
least two jets with || < 4.5 and pr > 25 GeV. In the analysis of the 8 TeV data, the pr threshold
is raised to 30 GeV for jets with 2.5 < |n| < 4.5. For jets in the ID acceptance (|n| < 2.5) JVF
(defined in Section [5.2.2)) is required to be at least 0.75. Motivated by the VBF topology, three

additional selections are applied:

1. the difference of the pseudorapidity between the leading and sub-leading jets (ranked by pr)

is required to be larger than 2.8;
2. the invariant mass of these two jets needs to be larger than 400 GeV;

3. the azimuthal angle difference between the diphoton system and the system of these two jets

has to be larger than 2.6.
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With above selections, about 70% of the signal events in the category is expected to be from VBF
process.
The rest of the events are divided into nine categories using photon pseudorapidity, photon

conversion status and diphoton py EL which is defined as:
pre = |(pr +pr) x (Pr — PPl / [PT — PT - 9.1

Here p and pJ* are the transverse momenta of the two photons. Events with both photons uncon-
verted are separated into Unconverted central (|n| < 0.75 for both candidates) and Unconverted
rest (all other events) categories. Events with at least one converted photon are separated into
Converted central (|n| < 0.75 for both candidates), Converted transition (at least one photon with
1.3 < |n| < 1.75) and Converted rest (all other events) categories. Except for the Converted
transition category, each category is further divided into low pr (pry < 60 GeV) and high pry
(otherwise) categories to differentiate signal over background ratio between the two, because the
Higgs boson signals, in particular those from non-ggF processes, have more boosted pr distribu-
tions compared with background processes as shown in Figure[9.1]

The same categorization is applied to the 7 TeV data and the 8 TeV data. The number of data
events in each category, as well as the sum of all the categories are given in Table The signal
resolution difference between the best-resolution category (Unconverted central high pr¢) and a

category with worse resolution (Converted rest low pr) is shown in Figure[9.2]

' pr¢ is preferred over the pp of diphoton system because it has better resolution and is less correlated with the

diphoton invariant mass.
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Figure 9.1: Distribution of pr in simulated events with Higgs boson productions and in back-
ground events. The signal distribution is shown separately for ggF (blue), and VBF together with
associated productions (red). The background distribution and the two signal distributions are

normalized to unit area.
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NG 7TeV 8 TeV
Category Np Ng Np Ng | FWHM [GeV]
Unconverted central low p¢ 2054 10.5 | 2945 14.2 3.4
Unconverted central high pr 97 1.5 173 2.5 32
Unconverted rest low py 7129 21.6 | 12136  30.9 3.7
Unconverted rest high p 444 2.8 785 52 3.6
Converted central low pry 1493 6.7 | 2015 8.9 39
Converted central high pp 77 1.0 113 1.6 3.5
Converted rest low pry 8313 21.1 | 11099 26.9 4.5
Converted rest high pry 501 2.7 706 4.5 3.9
Converted transition 3591 9.5 | 5140 12.8 6.1
Two-jet 89 22 139 3.0 3.7
All categories (inclusive) 23788 79.6 | 35251 110.5 39

Table 9.1: Number of events in the data (Np) and expected number of signal events (/Ng) with
myg = 126.5 GeV for each category of the Discovery Analysis and total for the 7 TeV and 8 TeV
datasets in the mass range 100 — 160 GeV. The mass resolution quantified by full width at half
maximum (FWHM) is also given for the 8 TeV data.
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Figure 9.2: Invariant mass distributions for a Higgs boson with my = 125 GeV, for the best-
resolution category (Unconverted central high pt) of the Discovery Analysis shown in blue, and
for a category with lower resolution (Converted rest low pr¢) shown in red, for the /s = 8 TeV
simulation. The invariant mass distribution is parametrized by the sum of a Crystal Ball function

and a broad Gaussian based on the procedure discussed in Chapter
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9.2 Systematic uncertainties

The systematic uncertainties included in the Discovery Analysis are summarized in Table 9.2
The dominant experimental uncertainty on the signal yield (8% for 7 TeV, 11% for 8 TeV) comes
from the photon reconstruction and identification efficiency, which is estimated with data using
electrons from Z decays and photons from Z — ¢*/~~ events. Pileup modelling also affects the
expected yields and contributes to the uncertainty (4%). Further uncertainties on the integrated
signal yield are related to the trigger (1%), photon isolation (about 0.5%) and luminosity (1.8%
for 7 TeV, 3.6% for 8 TeV) [[112]. Uncertainties on the predicted cross sections and branching
ratio have been discussed in Chapter The uncertainty values used are different here due to
different hypothesized Higgs boson mass (125 GeV) and also slightly obsolete calculation. All the
uncertainties on the signal event yield have no impact on the evaluation of excess significance to
be discussed in Section They will only affect the measurement of overall signal rate and the
limit setting.

As for the migration of signal events between categories, the uncertainty on the knowledge
of the material in front of the calorimeter on the migration between converted and unconverted
categories is 4%. The uncertainty from pileup on the population of the converted and unconverted
categories is 2%. The uncertainty from the jet energy scale (JES) amounts to up to 19% for the
Two-jet category, and up to 4% for the other categories. Uncertainty from the JVF modelling is
12% (for the 8 TeV data) for the Two-jet category, estimated from Z+2-jets events by comparing
data and MC. Uncertainties due to the modelling of the underlying event are 6% for VBF and
30% for other production processes in the Two-jet category. Different PDFs and scale variations in
the HQT [|15] calculations are used to derive possible event migration among categories (9%) due
to the modelling of the Higgs boson kinematics. The theoretical uncertainty associated with the
exclusive Higgs boson production process with additional jets is estimated based on the Stewart—
Tackmann method [15,|113]], with the noticeable difference that an explicit calculation of the ggF
process at NLO using MCFM [65] in the Two-jet category reduces the uncertainty on this non-
negligible contribution to 25%.

The total uncertainty on the mass resolution is 14%. The dominant contribution (12%) comes

from the uncertainty on the energy resolution of the calorimeter, which is determined from Z— e*e™
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events. Smaller contributions come from the imperfect knowledge of the material in front of the
calorimeter, which affects the extrapolation of the calibration from electrons to photons (6%), and
from pileup (4%). As for the mass position of the signal, the uncertainty from photon energy scale
is estimated to be 0.6%.

Background fit models and associated potential biases are studied with the procedure discussed
in Section using three different sets of high statistics background templates which only differ
in 7y component as discussed in Section In addition, the Drell-Yan background component
is taken into account from data-driven approach. These components are mixed according to the
proportions estimated from data (Section [6.1)), and the overall normalization is fixed to the number
of data events per category.

A variety of functional forms are considered for the background parametrization: single and
double exponential functions, Bernstein polynomials [114] up to seventh order, exponentials of
second and third-order polynomials, and exponentials with modified turn-on behavior. The fit
range of the background model is fixed to be between 100 GeV and 160 GeV. The spurious signal
is evaluated between 110 GeV and 150 GeV, which is the same as the search range. For categories
with low statistics, an exponential function is found to have sufficiently small bias, while polyno-
mials and exponentials of polynomials, respectively, are needed for limiting the potential bias to
stay within the predefined requirements for the higher-statistics categories.

For the chosen parametrization, the largest absolute spurious signal over the full mass range
studied (from 110 GeV to 150 GeV) is used as the systematic uncertainty from background model.
The selected parametrizations along with their systematic uncertainties are shown in Table 9.3

The invariant mass distributions and their composition obtained from the high-statistics simu-
lation model based on SHERPA for the diphoton component have been cross checked against data
in different categories, using the same background decomposition method as used for the inclusive
sample. Within the statistical uncertainties of data, a good agreement is found for the shapes of the

invariant mass distributions.
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Systematic uncertainties Vs =TTeV (%] Vs =8 TeV [%)]
Integrated signal yield
Photon identification +8.4 +10.8
- Effect of pileup on photon rec/ID +4
.g Luminosity +1.8 +3.6
g Trigger +1
= Photon energy scale +0.3
Photon Isolation +0.4 +0.5
Scales ggF: T12 VBF: £0.3, ggF: T%, VBF: £0.2,
.. WH: Y02 ZzH: T1e b H: Y3 WH: *02 ZzH: Y15 ttH: 5
é‘% PDF+ag ggF: T8, VBIT: 125 ggF: 8, VBIi“: 2
VH: £3.5,ttH: 9 VH: £3.5,ttH: +8
Branching ratio +5
Signal category migration
Material Unconv: £4, Conv: F3.5
Effect of pileup on photon rec/ID Unconv: +3, Conv: F2, Unconv: £2, Conv: F2,
Two-jet: +2 Two-jet: +12
Jet energy scale low pT¢ ggF: £0.1, VBF: £2.6, ggF: £0.1, VBF: £2.3,
Others: £0.1 Others: £0.1
= high py ggF: £0.1, VBF: £4, ggF: £0.1, VBF: £4,
.g Others: 0.1 Others: £0.1
EI’- Two-jet ggF: F19, VBF: F8, ggF: F18, VBF: F9,
= Others: F15 Others: F13
Jet-vertex-fraction Two-jet: £13, Others: 0.3
Primary vertex selection negligible
o Underlying Event (Two-jet) VBF': %6, Others: +30
3 Two-jet bin g9 — H + 2 jets: £25
= Higgs boson pt modeling low pt: £1.1, high pry: F12.5, Two-jet: F9
Signal mass resolution (Exp.)
Calorimeter energy resolution +12
Electron to photon extrapolation +6
Effect of pileup on energy resolution +4
Primary vertex selection negligible

Signal mass position (Exp.)

Photon energy scale +0.6

Table 9.2: Summary of systematic uncertainties on the expected signal considered in the Discovery
Analysis. The values listed in the table are the relative uncertainties (in %) on given quantities
from the various sources investigated for a Higgs boson mass of 125 GeV. The sign in the front
of values for each systematic uncertainty indicates correlations among categories and processes.

Experimental and theoretical uncertainties are separately marked.



Category Model Nspur
Vs=TTeV /s=8TeV
Inclusive 4th order pol. 1.3 10.6
Unconverted central low ppy  Exp. of 2nd order pol. 2.1 3.0
Unconverted central high py,  Exponential 0.2 0.3
Unconverted rest low pry 4th order pol. 2.2 3.3
Unconverted rest high pr Exponential 0.5 0.8
Converted central low pry Exp. of 2nd order pol. 1.6 2.3
Converted central high pr Exponential 0.3 0.4
Converted rest low pr 4th order pol. 4.6 6.8
Converted rest high pry Exponential 0.5 0.7
Converted transition Exp. of 2nd order pol. 32 4.6
Two-jet Exponential 0.4 0.6

60

Table 9.3: List of the functions chosen to model the background distributions of m.., in the Dis-
covery Analysis, and the associated systematic uncertainties on the signal amplitudes in terms of

spurious signal (Ngpy,) for the ten categories and the 7 TeV and 8 TeV datasets.
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9.3 Results
9.3.1 Diphoton invariant mass spectra

The inclusive m.,, spectrum is shown in Figure[9.3] The result of a fit including a signal compo-
nent fixed to my = 126.5 GeV and a background component described by a fourth-order Bernstein
polynomial is superimposed. The m.,., spectra correspond to the /s = 7 TeV (y/s = 8 TeV) data
are shown in Figure [9.4] (9.5) and Figure 0.6 for unconverted and converted categories, re-

spectively, except for the Converted transition category which is shown together with the Two-jet

category in Figure

ATLAS ¢ Dpaa

—— Sig+Bkg Fit (m =126.5 GeV)

-------- Bkg (4th order polynomial)

Events / 2 GeV

(s=7 TeV, _[ Ldt=4.8fb™
(=8 TeV, [Ldt=5.9fb" H-yy

Events - Bkg
o

- |
o o IIII|III
o

100 110 120 130 140 150
m,, [GeV]

Figure 9.3: Distribution of the invariant mass of diphoton candidates after all selections in the
Discovery Analysis for the combined 7 TeV and 8 TeV data sample. The result of a fit to the
data of the sum of a signal component fixed to my = 126.5 GeV and a background component
described by a fourth-order Bernstein polynomial is superimposed. The bottom panel shows the

data relative to the background component of the fitted model.
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Figure 9.4: Background-only fits to the diphoton invariant mass spectra for (a) Unconverted central

low pr¢, (b) Unconverted central high pr¢, (c) Unconverted rest low pry, and (d) Unconverted

rest high pry categories of the Discovery Analysis correspond to the 7 TeV data sample. The

bottom panel displays the residual of the data with respect to the background fit. The Higgs boson

expectation for a mass hypothesis of 126.5 GeV corresponding to the Standard Model cross section

1s also shown.
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Figure 9.5: Background-only fits to the diphoton invariant mass spectra for (a) Unconverted central

low pr¢, (b) Unconverted central high pr¢, (c) Unconverted rest low pry, and (d) Unconverted

rest high pry categories of the Discovery Analysis correspond to the 8 TeV data sample. The

bottom panel displays the residual of the data with respect to the background fit. The Higgs boson

expectation for a mass hypothesis of 126.5 GeV corresponding to the Standard Model cross section

1s also shown.
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Figure 9.6: Background-only fits to the diphoton invariant mass spectra for (a) Converted central

low pry, (b) Converted central high pr, (¢c) Converted rest low pr, and (d) Converted rest high

pr¢ categories of the Discovery Analysis correspond to the 7 TeV data sample. The bottom panel

displays the residual of the data with respect to the background fit. The Higgs boson expectation

for a mass hypothesis of 126.5 GeV corresponding to the Standard Model cross section is also

shown.
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Figure 9.7: Background-only fits to the diphoton invariant mass spectra for (a) Converted central

low pry, (b) Converted central high pr, (¢c) Converted rest low pr, and (d) Converted rest high

pr¢ categories of the Discovery Analysis correspond to the 8 TeV data sample. The bottom panel

displays the residual of the data with respect to the background fit. The Higgs boson expectation

for a mass hypothesis of 126.5 GeV corresponding to the Standard Model cross section is also

shown.
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Figure 9.8: Background-only fits to the diphoton invariant mass spectra for the Two-jet category
of the Discovery Analysis correspond to the 7 TeV data (a) and the 8 TeV data (b), and Converted
transition categories correspond to the 7 TeV data (c) and the 8 TeV data (d). The bottom panel
displays the residual of the data with respect to the background fit. The Higgs boson expectation

for a mass hypothesis of 126.5 GeV corresponding to the Standard Model cross section is also
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9.3.2 Statistical interpretations

The statistical procedures used to test the background-only hypothesis and to set exclusion
limits are described in detail in Chapter [§] The compatibility of the selected events with the
background-only hypothesis is quantified by the background-only py. Scanning the mass range
110 — 150 GeV with 0.5 GeV step size, the largest deviation observed for the 7 TeV and the 8 TeV
data samples are 3.5 standard deviations (o) at myg = 126 GeV and 3.40 at my = 127 GeV,
respectively. For a SM Higgs boson, the expected significances would be 1.6 0 and 1.9 o at these
hypothesized mass values, respectively. The positions of the two minima are compatible within
their uncertainties.

Combining the /s = 7 TeV data sample and the /s = 8 TeV data sample, the combined
po-value results is shown in Figure along with the pg for the /s = 7 TeV and the /s = 8 TeV
analyses. The largest deviation from background-only hypothesis observed is 4.70 at mpy =
126.5 GeV This is reduced to 4.5 o when taking the energy scale systematic uncertainty into ac-
count as shown by circles in the plot. After correction for the look-elsewhere effect [115]], a global
significance of 3.6 ¢ is found. At this hypothesized mass, the expected p, value for a SM Higgs
boson is 7 x 1073 (2.4 ¢ local significance).

The best fit value for the combined signal strength 1 is obtained from a simultaneous fit to all
categories in the /s = 7 TeV and /s = 8 TeV data samples. The result is shown in Figure m
As the first step towards understanding the properties of the new particle, at my = 126.5 GeV, the
best fit value is found to be . = 1.9 £ 0.5, which correspond to about 360 signal events. The best
fit signal strengths at my = 126.5 GeV obtained from fits to the individual categories are in good
agreement with the combined fit as shown in Figure

Since the analysis is able to separate VBFE events from other production modes, a first look
into the signal strengths separately for fermion induced production processes (ggF and ¢t H) and

vector-boson induced production processes (VBF and V H) is shown by the likelihood contour in

the f1ggp 141 and piypr vy plane in Figure[9.12]
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Figure 9.9: Expected and observed local p, values for a Standard Model Higgs boson as a function
of the hypothesized Higgs boson mass my for the combined analysis and for the /s = 7 TeV
and /s = 8 TeV data samples separately. The observed p, including the effect of the photon

energy scale uncertainty on the mass position is included via pseudo-experiments and shown as

open circles.
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Figure 9.10: Best fit value for the signal strength as a function of the assumed Higgs boson mass

my from the Discovery

Analysis.
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Figure 9.11: Best fit value for the signal strength in the different categories of the Discovery

Analysis at my = 126.5 GeV for the combined /s = 7 TeV and /s = 8 TeV data samples.
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9.3.3 Combination with other decay channels

To maximize the statistical power for the search of the Higgs boson, the H — ~~ channel is
combined with H — ZZ®) — ¢¢¢¢ and H — WW®) — (vlv channels following the procedure
discussed in Reference [12]. A summary of the excess positions (quantified by my) and sizes

(quantified by p) in each channel is shown in Figure 9.13| As one can see they are in very good

compatibility.
3\ _I T T T T I T T T T T T T T I T T T T I T T T T ]
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Figure 9.13: Confidence intervals in the (u, my) plane for the H — ~~v (Discovery Analysis),
H — ZZ® — 000l and H — WW® — ¢uly channels, including all systematic uncertainties.

The markers indicate the maximum likelihood estimates in the corresponding channels .

The observed local py values from the combination of three channels, using the asymptotic
approximation as discussed in Section are shown as a function of mpy in Figure The
largest local significance for the combination of the 7 and 8 TeV data is found for a SM Higgs
boson mass hypothesis of my = 126.5 GeV, where it reaches 6.0 o, with an expected value in the
presence of a SM Higgs boson signal at that mass of 4.9 ¢. This is conclusive evidence for the
discovery of Higgs(-like) boson with mass around 125 GeV. In the next two chapters, properties of

this new particle will be measured with larger data sample and better analyses.



10
10°

108

10-10 .

- ATLAS  2011-12

T T T T T T T T [ T T 1771
\s=7-8TeV ™
10°F : -]

: 7573
10°F R ]

k- 50
10°F . 4

= A =

E X 3
R . 60 5 —]
10ttt e a1 —

110 115 120 125 130 135 140 145 150
—— Observed  f==-9 Expected Signal+ 10

1 1 1 1 1 1 1 1 PR R SR R N N T T

110

150

200

300

400 500

m,, [GeV]

72

Figure 9.14: The observed (solid) local py as a function of my. The dashed curve shows the

expected local py under the hypothesis of a Standard Model Higgs boson signal at that mass with

its =1 o band. The horizontal dashed lines indicate the p-values corresponding to significances of

1to60.
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Chapter 10

Measurement of Higgs boson couplings in diphoton decay chan-
nel

The measurements of Higgs boson couplings based on LHC Run 1 data starts from measuring
the rates of different Higgs boson production processes in different decay channels. In H — ~~
channel, these rates are extracted from resonance signals in the diphoton invariant mass spectra of

independent categories of events targeting different production modes (Coupling Analysis).

10.1 Event categorization

Compared with the Discovery Analysis, the Coupling Analysis has updated event categorization
to better perform measurements of Higgs boson couplings. There are twelve categories introduced
in total, which are applied to the 7 TeV and 8 TeV data each. The flowchart showing the sequence
the twelve categories is in Figure Only events that fail the selections of the previous category
can be considered as candidates for the next category, to ensure that the categories are mutually
exclusive. The sequence is chosen to prioritize the production modes that are expected to have the
lowest signal yields. As to be described in the following subsections, the twelve categories can be

classified into four groups depending on the production processes they are targeting at.

10.1.0.1 ¢t H categories

The first group consists of two categories that are designed to select data samples enriched with
ttH events. ttH leptonic category exploits the products of the (semi-)leptonic decay of the top
quark pair in a ¢t H event, while the ttH hadronic category captures the hadronic decay products
of the top quark pair. The selections are optimized for the ¢t H signal, while maintaining good

acceptance for the ¢ H signal [41].
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Figure 10.1: Illustration of the order in which the criteria for the exclusive event categories in the
Coupling Analysis are applied to the selected diphoton events. The division of the last category,

which is dominated by ggF production, into four sub-categories is described in the text.

Events in the ¢t H leptonic category are required to contain at least one electron or muon.
Events are retained if either two or more b-jets are found or a single b-jet is found together with

EXiss > 20 GeV. The b-jets are required to have pr > 25 GeV and to be tagged using the 80%
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(85%) efficiency working point of the b-tagging algorithm [98] in the 8 TeV (7 TeV) data. In order
to suppress the background contribution from Z+jets with Z— eTe™, where an electron is mis-
identified as a photon, events with an invariant electron-photon mass between 84 GeV and 94 GeV
are rejected.

The t¢ H hadronic category vetos well-reconstructed and identified electron or muon passing
the kinematic cuts described in Chapter [5] The events are then required to fulfill at least one
of the following sets of criteria, which take into account the inefficiency of jet reconstruction or
flavor tagging while still maintaining low level contamination of non-t¢ H and non-¢t H Higgs boson

signals by tightening b-tagging working point and/or increasing jet p selection:

1. at least six jets with py > 25 GeV out of which two are b-tagged using the 80% working

point;
2. atleast six jets with pr > 30 GeV out of which one is b-tagged using the 60% working point;

3. at least five jets with pp > 30 GeV out of which two are b-tagged using the 70% working

point.

Only the first set of criteria above are applied to the 7 TeV data but with a working point efficiency
of 85%.

The fraction of ttH events relative to all signal production passing this selection in the ttH
hadronic category is larger than 80%. whereas in the t¢ H leptonic category it ranges from 73% to
84% depending on the center-of-mass energy. The fractions of ¢H events in both categories are
about 10%. The dominant contamination in ¢¢H hadronic category is from ggF, whereas in the

ttH leptonic category it is from W H.

10.1.0.2 V H categories

The second group of categories are optimized to identify V [ events. The V H dilepton cate-
gory is dedicated to the Z H production mode by exploiting the dilepton decay of the Z boson. It
requires a pair of opposite-sign electrons or muons, with the dilepton invariant mass required to be
in the range between 70 GeV and 110 GeV. These requirements lead to a 99% signal-only purity

for Z Hproduction, the remaining 1% coming from ¢t H production.
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The V H one-lepton category is optimized mainly to select events with a leptonic decay of the
W boson by requiring the presence of one electron or muon. In order to exploit the FX signature
of the W boson decay, the ER* significance, as defined in Section is required to be larger
than 1.5. Approximately 90% of the signal events in this category are predicted to come from W H
production, about 6% from Z H production, and 1 — 2% from ¢t H production.

The V H EX'ss category is mainly aiming for Z H events with the Z boson decays to two neu-
trinos, or W H events with the W decays leptonically, but the lepton escapes detection or does not
pass the selections. It requires the E'** significance to be larger than 5, roughly equivalent to a
direct requirement of E > 70 — 100 GeV, depending on the value of > Et. A further enrich-
ment is obtained by requiring pr; greater than 20 GeV After the event selection approximately
50% of the signal events in this category are predicted to come from ZH production, 40% from
W H production, and the remaining 10% mainly from ¢{ H production.

The V H hadronic category consists of events that include the signature of a hadronically de-
caying vector boson. They are selected by requiring the presence of two reconstructed jets with
a dijet invariant mass m;; in the range between 60 GeV and 110 GeV. The sensitivity is further
enhanced by requiring the difference between the pseudorapidities of the diphoton and the dijet sys-
tems |7,, — 1;;| to be less than one, and the diphoton pr, greater than 70 GeV. The distributions of
the discriminating variables used to define the V' H hadronic category are shown in Figure[10.2]for
signal events from different production modes and for events from data and MC background. The
MC background is composed of a mixture of v, vj and jj samples. Approximately 30% (20%)
of the events in the V' H hadronic category come from W H (Z H) production after the selection,

while the remaining fraction is mainly accounted for by ggF events surviving the selections.

10.1.0.3 VBF categories

The selection of VBF-like events starts from requiring at least two reconstructed jets. The
two leading jets (ranked by jet pr) are required to satisfy |*| < 5.0 and An;; > 2.0, where n*
is the pseudorapidity of the diphoton system relative to the average rapidity of the two leading
jets n* =1y, — (nj1 +nj2)/2 [116] and An;; is the pseudorapidity separation between the two

leading jets. In order to optimize the sensitivity to VBE production mode, after the pre-selection
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Figure 10.2: Normalized distributions of the variables described in the text used to sort diphoton
events with at least two reconstructed jets into the V' H hadronic category of the Coupling Anal-
ysis for the data in the sidebands (points), the predicted sum of the W H and ZH signals (red
histograms), the predicted signal feed-through from ggF, VBF, and t{H production modes (blue
histograms), and the simulation of the v+, 7, and j; background processes (green histograms).
The arrows indicate the selection criteria applied to these observables. The mass of the Higgs

boson in all signal samples is my = 125 GeV.

described above, a BDT algorithm then combines following six discriminating variables into a

single discriminant that takes into account the correlations among them:

1. mj;, the invariant mass of the two leading jets j; and jo;
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3. prs
4. A¢,, i, the azimuthal angle between the diphoton and the dijet systems;

5. AR%“, the minimum separation between the leading/sub-leading photon and the leading/sub-

leading jet;
6. n*.

After the pre-selection, these variables are found to have little or no correlation to m,,., thus en-
suring that no biases in the final diphoton mass fit are introduced. The individual separation power
between VBF and ggF and prompt 77, 7 and jj background events is illustrated in Figure [10.3|
for each discriminating variable.

The signal sample used to train the BDT is composed of simulated VBF events, while a mix-
ture of samples is used for the background, including simulated ggF events, simulation of the -y~
background component with SHERPA, and events from data in which one or both photon candi-
dates fail to satisfy the isolation criteria for the reducible v; and jj components. The contribution
from ggF' to the background sample is normalized to the rate predicted by the SM. The other back-
ground components are weighted in order to reproduce the background composition measured in
the data.

Events are sorted into two categories with different VBF purities according to the output value

of the BDT, Ogpr:
1. VBF tighl: Ogpt > 0.83;
2. VBF loose: 0.3 < OppT < 0.83.

Figure [10.4] shows the distributions of Oppr for the VBF signal, feed-through from ggF produc-
tion, the simulated continuum background, and data from the sidebands. The Ogpr distributions
of the background MC prediction and the data in the sidebands are in good agreement. As an
additional cross-check, the BDT is applied to a large sample of Z— e™e~+jets in data and MC

samples. The resulting Ogpr distributions are found to be in excellent agreement between data
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Figure 10.3: Normalized kinematic distributions of the six variables describe in the text used to
build the Boost Decision Tree that assigns events to the VBF categories of the Coupling Analysis,
for diphoton candidates with two well-separated jets (An;; > 2.0 and |n*| < 5.0). Distributions
are shown for data sidebands (points) and simulation of the VBF signal (blue histograms), feed-
through from ggF production (red histograms), and the continuum QCD background predicted by
MC simulation and data control regions (green histograms) as described in the text. The signal

VBF and ggF samples are generated with a Higgs boson mass my = 125 GeV.

and MC. The fraction of VBF events in the VBF tight (loose) category is approximately 80%
(60%), the remaining 20% (40%) being contributed by ggF' events.

10.1.0.4 Untagged (ggF') categories

Compared with the Discovery Analysis, the categorization for the bulk part of the dataset en-
riched with ggF events (untagged categories) has been simplified from nine (Section to four
defined by pr and 7). The loss of sensitivity from not using conversion information and reducing
7 segmentation is mitigated by increasing the pry threshold and re-tuning n selection as shown

below:
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Figure 10.4: Probability distributions of the output of the Boost Decision Tree (BDT) Ogpr for
the VBF signal (blue), ggF' feed-through (red), continuum QCD background predicted by MC
samples and data control regions (green) as described in the text, and data sidebands (points). The
two vertical dashed lines indicate the cuts on Ogpr that define the VBF loose and tight categories
in the Coupling Analysis. The signal VBF and ggF samples are generated with a Higgs boson

mass my = 125 GeV.

1. Central low pry: pry < 70 GeV and both photons have || < 0.95;
2. Central high pr: pry > 70 GeV and both photons have |1| < 0.95;
3. Forward low pr: pry < 70 GeV and at least one photon has |n| > 0.95;
4. Forward high pry: pr¢ > 70 GeV and at least one photon has || > 0.95.

This categorization of the untagged events increases the signal-to-background ratio of the
events with high pp with a gain of about a factor of three (two) for Central (Forward) categories
with respect to low pr, events as shown in Figure [10.

The optimization of the categorization is studied using MC background sample and cross
checked using data sideband. Good agreement has been shown between the results from the two
approaches. The typical fraction of ggF events in the low (high) pr. categories is 90% (70%). The
remaining 10% (30%) is equally accounted for by the contribution from VBF events and the sum

of all the remaining processes.
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Figure 10.5: Distributions of pr for diphoton candidates in the sidebands in the untagged (a) Cen-
tral and (b) Forward categories for /s = 8 TeV for predicted Higgs boson production processes
(solid histograms), the predicted sum of v, 77 and jj background processes (green histogram),
and data (points). The vertical dashed lines indicate the value used to classify events into the low
or high pr, categories in the Coupling Analysis. The mass for all Higgs boson signal samples is

myg = 125 GeV.
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10.1.0.5 Summary of categories

The predicted signal efficiencies, which include geometrical and kinematic acceptances, and
event fractions per production mode in each category for my = 125.4 GeV E] are listed in Ta-
bles [10.1] and [I0.2] for the 7 TeV and 8 TeV data, respectively. The total expected numbers of
signal events per category Ng are also shown. The expected contamination of ggF and VBF in the
V H EXss category is larger in 7 TeV data than in 8 TeV data due to the poorer resolution of the
EXss reconstruction algorithm used in the 7 TeV analysis.

The number of events observed in data in each category is reported in Table separately
for the 7 TeV and 8 TeV data. The impact of the event categorization described in the previous
sections on the uncertainty in the combined signal strength is estimated on a representative signal
plus MC background sample generated under the SM hypothesis. The event categorization is found

to provide a 20% reduction of the total uncertainty with respect to an inclusive analysis.

' mpy = 125.4 GeV is measured from the combination of ATLAS H — ~vy and H — ZZ*) — (£¢{ channels. More
details will be given in Chapter
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Category Vs=TTeV /s =8TeV
Central low pry 4400 24080
Central high p 141 806
Forward low pr¢ 12131 66394
Forward high py 429 2528
VBF loose 58 411
VBEF tight 7 67
V' H hadronic 34 185
VH Emiss 14 35
V H one-lepton 5 38
V H dilepton 0 2
tt H hadronic 3 15
ttH leptonic 3 5
Total 17225 94566

Table 10.3: Number of selected events in each category of the Coupling Analysis and total for the
7 TeV and 8 TeV datasets in the mass range 105 — 160 GeV.
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10.2 Systematic uncertainties

The various types of systematic uncertainties are presented in this section according to the way
they affect the determination of the signal strengths. The theoretical and experimental uncertainties
on the yields of diphoton events from Higgs boson decays are discussed in Section [I0.2.1] The
systematic uncertainties affecting the event categorization due to migrations of signal events from
or to other categories are presented in Section The systematic uncertainties related to the
photon energy scale and resolution are reported in Section[I0.2.3] The systematic uncertainties due
to potential spurious signals induced by systematic differences between the background parame-
terization and the background component of the data are obtained with the technique described in

Section[7.2]and reported in Section[10.2.4]

10.2.1 Uncertainties on integrated signal yield

10.2.1.1 Theoretical uncertainties

The predicted total cross sections for the signal processes have uncertainties as listed in Ta-
ble for my = 125.4 GeV, separately for /s =7 TeV and /s = 8 TeV. The uncertainties
estimated by varying the QCD scales affect the production processes independently, apart from
W H and Z H uncertainties, which are treated as fully correlated. For the ¢t Hgb and t HW produc-
tion processes, the scale uncertainties are obtained by varying the renormalization and factorization
scales by factors of 1/2 and 2 in the event generators (Section 4.2)) and the PDF uncertainties are
estimated by studying the impact of the variations within the CT10 [56]] PDF set. For the other
processes these uncertainties are taken from Reference [16]. The combined uncertainties on the
effective luminosities for gg- and gg-initiated processes due to PDF and ag uncertainties are in-
dependent, but they affect the relevant processes coherently. Both of these sets of uncertainties
affect the 7 TeV and the 8 TeV cross sections coherently. The impact of scale and PDF uncertain-
ties on the kinematic acceptance for signal events is found to be negligible relative to the impact
of the uncertainties on the cross sections. The uncertainty on the 4 — 7 branching ratio for

my = 125.4 GeV is 5%.
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QCD scale PDF+ag
Process
Vs=TTeV /s=8TeV /s=T7TeV /s=8TeV
+7.1 +7.2 +7.6 +7.5
ggF
—-7.8 —-7.8 -7.1 —6.9
+0.3 +0.2 +2.5 +2.6
VBF
—-0.3 —0.2 -2.1 —2.8
+1.0 +1.0 +2.6 +2.4
WH
—1.0 —-1.0 —2.6 —2.4
+2.9 +3.1 +2.6 +2.5
JH
—-2.9 —-3.1 —2.6 —-2.5
_ +3.2 +3.8 +8.4 +8.1
ttH
-9.3 -9.3 —8.4 —&.1
_ +10 +10 +6.2 +6.1
bbH
—15 —15 —6.2 —6.1
+7 +6 +4 +4
tHqgb
—6 -5 —4 —4
+7 +9 +10 +10
tHW
—6 -7 —10 —10

Table 10.4: Theoretical uncertainties (in %) on cross sections for Higgs boson production processes
at /s = 7TeV and /s = 8 TeV for my = 125.4 GeV in the Coupling Analysis.
10.2.1.2 Experimental uncertainties

The expected signal yields are affected by the experimental systematic uncertainties listed be-

low.

1. The uncertainties on the integrated luminosities are 1.8% for the 7 TeV data and 2.8% for

the 8 TeV data [112]]. They are treated as uncorrelated.

2. The trigger efficiencies in data are determined by combining the results from two different

measurements. The first measurement is performed with photons in Z — ¢{~ events, where
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¢ is an electron or a muon. These events are collected with lepton-based triggers, making
the photon candidates in these samples unbiased with respect to the trigger. The second
measurement, based on the bootstrap technique described in Reference [[101], is performed
on a background-corrected photon sample selected only by a first-level trigger, which has an
efficiency of 100% for signal-like photons in events that pass the diphoton selection criteria.
Both measurements are dominated by statistical uncertainties. The uncertainties on the trig-
ger efficiencies based on these measurements are estimated to be 0.2% for both the 7 TeV

and 8 TeV data and are fully uncorrelated.

. The uncertainty on the photon identification efficiency for the 8 TeV data is derived from
measurements performed with data using three different methods [[85] that cover the full
Er spectrum relevant for this analysis. In the first method, the efficiency is measured in
a pure and unbiased sample of photons obtained by selecting radiative Z — (¢ decays
without using the photon identification to select the photon, and where /¢ is an electron or
a muon. In the second method, the photon efficiency is measured using Z— e*e~ data by
extrapolating the properties of electron showers to photon showers using MC events [85].
In the third method, the photon efficiency is determined from a data sample of isolated
photon candidates from prompt v; production after subtracting the measured fraction of jj
background events. The combined uncertainty on the photon identification efficiency in data
relative to MC simulation ranges between 0.5% and 2.0% depending on the Er and 1 of the
photon and on whether the photon is unconverted or converted and reconstructed with one or
two tracks. For the 7 TeV data, more conservative uncertainties, ranging from 4% to 7%, are
used because of the stronger correlation of the neural-network-based identification algorithm
with the photon isolation, and because it relies more strongly on the correlations between the
individual shower shape variables. Because these two effects complicate the measurement of
the identification performance in data, conservative uncertainties, taken as the full difference
between the efficiencies measured in data and the ones predicted by simulation, are used. The
uncertainties on the signal yield due to the uncertainty on the photon identification efficiency

are 8.4% for the 7 TeV data and 1.0% for the 8 TeV data and are treated as uncorrelated.
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4. The uncertainty on the isolation efficiency is conservatively taken as the full size of the
applied correction described in Section [5.1.4] The effect on the signal yield varies among
categories (depending on their photon Er spectrum). These uncertainties, which range be-
tween 1.3% and 2.3%, are estimated with the 8 TeV dataset and are assumed to be the same

in the 7 TeV data but uncorrelated between the two datasets.

5. Finally, uncertainties on the signal yields due to the photon energy scale and primary vertex

selection are found to be negligible relative to the ones discussed above.

The estimated values of the experimental uncertainties for both datasets are summarized in
Table Larger uncertainties, also shown in the table, on the photon identification and isolation
selection efficiencies are assigned to ¢t H categories and V H hadronic category. The presence of
large hadronic activity (high jet multiplicity) in these events, which is partially correlated with the

photon selection and isolation efficiency, makes it difficult to measure the efficiencies precisely.

Uncertainty source /s =7TeV /s =8 TeV

Luminosity 1.8 2.8
Trigger 0.2 0.2
Photon Id. 8.4(9.3) 1.0(4.1)
Isolation 1.3-2.3(3.8) 1.3-2.3(3.8)

Table 10.5: Relative systematic uncertainties on the inclusive yields (in %) for the 7 TeV and 8 TeV
datasets. The numbers in parentheses refer to the uncertainties applied to ¢t H and V H categories.

The ranges of the category-dependent uncertainties due to the isolation efficiency are reported.

10.2.1.3 Sizes of MC samples

While the MC statistics are decent in general, in some categories requiring distinct topologies
(for example the presence of lepton(s) or high multiplicity of jets) the MC statistics are significantly
reduced for certainly production processes, resulting in non-negligible statistical uncertainties. The
impact of these uncertainties on the individual signal strength parameters is estimated for each

event category by analyzing representative signal MC samples containing both Higgs boson signal
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and continuum background: the signal the sample size is fixed to the one expected in data by the
SM predictions, and for the background to the observed numbers of events. The uncertainties that
contribute more than 0.1% in quadrature to the total expected uncertainties are retained. The 14
uncertainties that contribute more than 0.1% in quadrature to the total expected uncertainties are
propagated, but their contribution is at the level of 1% or less, which is much smaller than the

expected statistical uncertainties on the individual signal strengths.

10.2.2 Uncertainties on signal events migration between categories

The impacts of theoretical and experimental uncertainties on the predicted contributions from
the various Higgs boson production processes to each event category are summarized in the fol-

lowing.

10.2.2.1 Theory uncertainties

1. The uncertainty on the Higgs boson production cross section through gluon fusion in associ-
ation with two or more jets is estimated by applying an extension of the Stewart—Tackmann
method [[113]] to predictions made by the MCFM [65]] generator. An uncertainty of 20%
is assigned to the ggF component in the VBF loose, VBF tight, and V H hadronic cate-
gories. Since the VBF categories make use of the azimuthal angle between the diphoton
and dijet systems, which is sensitive to the presence of a third jet, additional uncertainties
are introduced for the ggF contribution in these categories using a technique described in
Reference [[16]. These uncertainties are found to be 25% and 52% for the VBF loose and

tight categories, respectively.

2. The presence of additional hadronic activity from the underlying event may produce signif-
icant migrations of ggF events to the VBF and ¢¢ H hadronic categories. The uncertainties
on the UE modeling are conservatively estimated as the full change in signal migration in
MC simulation with and without the UE. The uncertainties are 5—-6% of the 18—41% com-
ponent of ggF in the VBF categories, and 60% of the 8—11% ggF contribution in the ¢t H
hadronic category. In addition, the presence of the UE directly affects the ¢t H yield in the

ttH hadronic and ¢tH leptonic categories by 11% and 3%, respectively. The differences
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between the uncertainties for the 7 TeV and 8 TeV data are small. Tables and
show details of the nominal yields of the signal processes in the event categories. The im-
pacts of these uncertainties are small compared with the statistical uncertainties on the signal

strengths for these categories.

. The uncertainty on the modeling of the pt spectrum of the Higgs boson for the ggF' process
can cause migrations of events between the low and the high py categories. The size of
the effect has been checked using the HRES2.1 prediction by varying the renormalization,
factorization, and two resummation scales. The uncertainties for the high py categories are
estimated from the absolute values of the largest changes in the event categorization caused
by the scale variations. Events in the low pr categories are assigned an uncertainty accord-
ing to the Stewart—Tackmann procedure. The size of the effect varies among categories; it is

as large as about 24% in the high p categories.

. The VBF selection uses angular variables A¢,; and n* that involve the two leading jets, as
discussed in Section[10.1.0.3l The second jet in the generation of ggF events by POWHEG-
BOX+PYTHIAS predominantly comes from the parton shower generated by PYTHIAS; there-
fore, the angular correlation between the two jets is not well modeled. The uncertainty due to
this modeling is taken to be the difference in the event categorization caused by re-weighting
the events in the POWHEG-BOX sample to reproduce the pp spectrum of the Higgs boson pre-
dicted by MINLO HJJ, which models the angular correlation between the first and second
jet produced in gluon fusion to NLO accuracy. The mis-modeling of A¢;; (n*) typically
changes the number of ggF' events in the VBF tight and loose categories by at most 11.2%
(6.6%) and 8.9% (4.8%), respectively.

. Additional uncertainties are estimated for production processes contributing significantly to
the ttH categories due to acceptance changes observed when varying the renormalization
and factorization scales. The uncertainty on ¢t H production itself is 2% (1%) in the ttH
leptonic (hadronic) category. An uncertainty of 50% is attributed to the ggF contribution in
the ttH sensitive categories while an uncertainty of 4-8% is attributed to the W H, tHqb
and tHW contributions to account for the sensitivity of the acceptance to scale changes.

The impact is independent for the three ¢t H and tH production processes, but coherent in



92

the two ¢t H event categories and for /s = 7 TeV and 8 TeV. In addition, the uncertainties
on the ggF, VBF and W H contributions to the ¢fH categories are assumed to be 100% to
account for the uncertainty on the heavy flavor (HF) fraction in these production processes.
The overall impact of these large uncertainties on ;75 is about 10% (and much less for the

other signal strength measurements), due to the small contributions from ggF, VBF and

W H production to the tt H categories (Tables and|[10.2).

10.2.2.2 Experimental uncertainties

The following potential sources of signal migration between categories caused by experimental

effects are investigated.

1. Uncertainties related to jet and EX reconstruction affect the predicted distributions of sig-
nal events from the various production modes among the categories. The effect of the un-
certainty on the jet energy scale, jet energy resolution and jet vertex fraction is estimated by
varying individually each component of the uncertainties [[117]]. The effect of the E en-
ergy scale and resolution uncertainty is estimated by varying independently the uncertainty
in the energy scale and resolution of each type of physics object entering the calculation of
E%‘iss as well as the uncertainty on the scale and resolution of the soft term [99]. There are
20 and 5 uncorrelated components that account for the jet- and EX**-related uncertainties,
respectively. Tables and show the impact of the jet and EX¥'* uncertainties. To
simplify the presentation of the results, categories and processes for which each source of
uncertainty has a similar impact are merged. These uncertainties are fully correlated between

the 7 TeV and 8 TeV datasets.

2. The impact of the uncertainty in the b-tagging efficiency on the migration of events to and
from the ¢t H categories is decomposed into 10 (3) independent contributions in the 8 TeV
(7 TeV) data analysis. The uncertainty on the t¢H yield in the ¢ttH categories from the
uncertainty on the b-tagging efficiency ranges from 1 to 3%. The uncertainties affecting
other production processes that have the largest impact on the yield in the t¢ H categories are
20-30% of the ggF component in the hadronic category and 6-7% to the W H contribution

in the leptonic channel.
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3. The total impact of the lepton reconstruction, identification and isolation uncertainties on
any of the selection efficiencies and event fractions of the signal production processes for

the event categories in Tables and is found to be below 1%.

Category g9F VBF tH WH+ZH
Central+Forward low pry 0.1 29 40 0.1
Central+Forward highpry 1.1 45 35 1.4
VBEF loose 12 44 76 13
VBEF tight 13 91 63 17
V' H hadronic 28 41 95 2.5
VH Emiss 26 90 12 0.2
V H one-lepton 49 62 28 0.5
V' H dilepton 0 0 5.1 1.0
tt H hadronic 11 21 7.3 22
ttH leptonic 37 717 05 7.4

Table 10.6: Relative uncertainties (in %) on the Higgs boson signal yield in each category of
the Coupling Analysis and for each production process induced by the combined effects of the
systematic uncertainties on the jet energy scale, jet energy resolution and jet vertex fraction. These

uncertainties are approximately the same for the 7 TeV and the 8 TeV data.

10.2.3 Uncertainties on signal mass resolution and mass scale

10.2.3.1 Diphoton mass resolution

The precise determination of the uncertainty on the signal strengths due to the diphoton mass
resolution is a key point in this analysis. It defines the range over which the signal model width is
allowed to change in the fit, thus directly affecting the estimation of the number of signal events.
The energy resolution and its uncertainty for photons are estimated by extrapolating from the
ones for electrons. The electron energy resolution and its uncertainty are measured in data using
Z— ete” events that, however, can only provide constraints for electrons with pr ~ 40 GeV.

The extrapolation from electrons to photons and to different energy ranges relies on an accurate
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Category g9F+VBF ttH WH ZH
Untagged 0.0 02 01 02
VBF loose 0.0 1.0 0.1 02
VBEF tight 0.0 27 1.1 00
V' H hadronic 0.0 0.7 00 0.1
V H Emiss 35 1.1 1.3 09
V H one-lepton 4.5 06 04 40
V H dilepton 0.0 20 0.0 0.1
tt H hadronic 0.0 00 00 00
tt H leptonic 1.9 0.1 1.0 30

Table 10.7: Relative uncertainties (in %) on the Higgs boson signal yield in each category of the
Coupling Analysis and for each production process induced by systematic uncertainty on the Fss
energy scale and resolution. The uncertainties, which are approximately the same for the 7 TeV
and 8 TeV data, are obtained by summing in quadrature the impacts on the signal yield of the

variation of each component of the E energy scale within its uncertainty.

modeling of the resolution in the detector simulation. In the model used in this analysis, the total

resolution is described in terms of four energy-dependent contributions [82]:
1. the asymptotic resolution at high energy, i.e. the constant term;
2. the intrinsic sampling fluctuations of the calorimeter;
3. the effect of passive material upstream of the calorimeter;
4. the electronic and pileup noise.

The effects on the various categories due to the four contributions to the uncertainty in the mass
resolution are summarized in Table [I0.8] for the 8 TeV data: the typical relative uncertainty on the
diphoton mass resolution obtained from the sum in quadrature of these contributions is 10 — 15%
for my >~ 125 GeV. The uncertainties for the 7 TeV data are very similar except for the reduced

size of the pileup contribution, which ranges from 0.9% to 1.4%. These four contributions are
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uncorrelated while each contribution affects both of the parametric width parameters ocp and oga
in the signal model (Section for all the categories and for both the 7 TeV and 8 TeV data

coherently.

Constant Sampling Material Noise

Category

term term modeling term
Central low pry 7.5 2.6 4.9 2.6
Central high py 9.6 5.6 6.2 1.7
Forward low pr¢ 9.9 1.3 6.0 2.1
Forward high pry 12 2.8 7.8 1.9
VBF loose 9.4 2.6 6.0 2.1
VBEF tight 10 3.8 6.5 2.1
V' H hadronic 11 4.0 7.2 1.6
VH Emiss 11 3.6 7.4 1.7
V H one-lepton 9.8 2.8 6.3 2.1
V H dilepton 9.5 2.7 6.2 2.1
tt H hadronic 9.6 3.6 6.3 1.9
ttH leptonic 9.5 3.4 6.2 2.1

Table 10.8: Systematic uncertainties on the diphoton mass resolution for the 8 TeV data (in %)
due to the four contributions described in the text. For each category of the Coupling Analysis, the
uncertainty is estimated by using a simulation of the Higgs boson production process which makes

the largest contribution to the signal yield.

10.2.3.2 Diphoton mass scale

The uncertainties on the diphoton mass scale affect the position of the signal mass peak through
variations of the peak of the Crystal Ball (ucp) and Gaussian (uga) components of the signal
model (Section [7.I). The dominant systematic uncertainties on the position of the mass peak
arise from uncertainties on the photon energy scale. These uncertainties, discussed in detail in

References. [82,118], are propagated to the diphoton mass distribution in the signal model for each
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of the twelve categories. The total uncertainty on the position of the mass peak from the photon
energy scale systematic uncertainties ranges from 0.18% to 0.31% depending on the category. A
second contribution, varying from 0.02% to 0.31%, comes from the choice of the background
model and is evaluated using the technique presented in Reference [[118]. Finally, the systematic
uncertainty on the mass scale related to the reconstruction of the diphoton vertex is estimated to be
0.03% for all the categories. As to be discussed in Section [I0.3] the uncertainty on the diphoton
mass scale is expected to flatten the dependence of p as a function of my in the region around the

true value of my.

10.2.4 Uncertainties on background model

The background parameterizations are selected using MC samples or control samples of data
as described in the following.

For the four untagged, the two VBF, the V H hadronic and E¥** categories, the background
parameterizations are tested with a mixture of vy, 77 and 7 samples with detector effect smearing
as mentioned in Chapter 4, They are mixed based on composition studies based on a double two-
dimensional sideband method as discussed in Section and the overall normalization of each
template is determined to be the observed number of events summarized in Table [10.3]

For the V H EMs category, since the effect of the £ cut on the background shape is found
to be negligible, it is not applied to the MC events. The background samples for the V' /{ one-lepton
category are also obtained from the MC ~y and yj events introduced previously, where one jet is
treated as a lepton for the category selection.

An example of the diphoton invariant mass distributions in data and a MC background sample
is shown in Figure (a) for the Central low pr category. For each category, the simulation de-
scribes the distributions of the data sufficiently well (apart from the signal region m.,, ~ 125 GeV)
to be used to select the parameterization of the background model and to assess the corresponding
systematic uncertainty on the signal yield.

A sample of fully simulated Z~~ events is used for the V' H dilepton category since the contri-

butions from Z~v+jets and Z+jets events are estimated to be negligible after the event selection.
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Figure 10.6: (a) The distributions of diphoton invariant mass m., in the untagged Central low
pr¢ category in data (points), and simulation samples for the v+, v and jj components of the
continuum background (shaded cumulative histograms). The lower plot shows the ratio of data
to simulation. (b) Ratio of the fitted number of signal events to the number expected for the
Standard Model 15, (my) as a function of the test mass my for the untagged Central low pr
category. A single fit per value of my is performed on the representative pure MC background
sample described in the text with signal plus a variety of background parameterizations (expl,
exp2, exp3 for the exponentials of first, second or third-order polynomials, respectively, and bern3,
bern4, bern5 for third, fourth and fifth-order Bernstein polynomials, respectively). The bias criteria

discussed in Section @ are indicated by the dashed lines.

For the ttH categories, the background parameterizations are tested on data control samples
obtained by inverting photon identification criteria, isolation and the b-tagging, replacing the elec-
tron(s) with jet(s) and/or loosening the requirement on the number of jets. Multiple background
templates are prepared and two typical ones are shown in Figure[T0.7]

The selection of the parameterization for the background model follows the procedure dis-
cussed in Section The fit range for the distributions of m.,, is from 105 GeV to 160 GeV

for all categories. The spurious signals are evaluated in the mass range between 119 GeV and
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Figure 10.7: Comparison of the m.,., distributions in data in the signal and control regions for ¢t H
hadronic and ¢t H leptonic categories. The background shapes are extracted from data in control
regions obtained by removing b-tagging requirement, relaxing the number of jets requirement and

replacing leptons with jets (in t£H leptonic category only).

135 GeV, which was decided a priori to cover a region of approximately five times the expected
signal mass resolution on either side of the value of my measured by ATLAS in the H — vy
channel [119]. The spurious signal normalized to the expected number of signal events is shown
in Figure (b) for different candidate background models as functions of the test mass my for
the Central low pr category. The candidate parameterizations include polynomials on the index
of the exponential and Bernstein polynomials [[114]. The bands representing the criteria are also
shown.

As shown in Table all the categories in the Coupling Analysis can be modeled either by
exponential or exponential of second-order polynomial. The former works for categories with low
statistics (all the non-ggF categories and Central high pr category), while the latter is only need
for high statistics categories. The largest spurious signal in the mass range between 119 GeV and
135 GeV of a chosen parameterization is assigned as the systematic uncertainty for background
modeling.

For V H EMs,V H one-lepton, V H dilepton and both t¢H categories, the expected number of
data events in the 7 TeV data sideband has very high chance to be less than two (an exponential

function needs to be constrained by at least two events). To ensure the 7 TeV background modeling
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is working properly, the exponential slopes in these categories are correlated between the 7 TeV

and 8 TeV. In ¢t H categories additional systematic uncertainty is assigned on this assumption.

Vs=TTeV /s =8TeV
Category Model
Nspur Hspur Nspur Hspur

Central low pry Exp. of 2nd order pol. 1.1 ~ 0.041 6.7 0.050
Central high py Exponential 0.1 0029 04 0.036
Forward low pry  Exp. of 2nd order pol. 0.6  0.016 7.0 0.034
Forward high pry Exp. of 2nd order pol. 0.3  0.088 1.2 0.073

VBF loose Exponential 0.2 0091 13 0.14
VBEF tight Exponential <0.1 0031 03 0.054
V' H hadronic Exponential 0.1 0.14 0.5 0.14
V H Emiss Exponential 0.1 018 0.1 0.11
V H one-lepton Exponential <0.1 0.094 0.1 0.064
V H dilepton Exponential <0.1 0080 <0.1 0.08
tt H hadronic Exponential 0.1 0.86 0.2 0.49
ttH leptonic Exponential <0.1 010 02 028

Table 10.9: List of the functions chosen to model the background distributions of 7., in the
Coupling Analysis, and the associated systematic uncertainties on the signal amplitudes in terms
of spurious signal (Ngp,r) and its ratio to the predicted number of signal events in each category

(tspur) for the twelve categories and the 7 TeV and 8 TeV datasets.

10.3 Results
10.3.1 Diphoton invariant mass spectra

The observed diphoton invariant mass m.., distribution for the sum of the 7 TeV and 8 TeV data

is shown in Figure for the inclusive case. It is also shown for untagged (Figure [10.9), VBF
(Figure [10.10), V H (Figure[10.11)) and ¢t H (Figure [10.12)) categories. The results of signal plus

background fits to these spectra with my set to 125.4 GeV are shown together with the separate
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signal and background components. Both the signal plus background and background-only curves

reported here are obtained from the sum of the individual curves in 7 TeV and 8 TeV categories.
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Figure 10.8: Distribution of the invariant mass of diphoton candidates after all selections in the
Coupling Analysis for the combined 7 TeV and 8 TeV data sample The solid red curve shows
the fitted signal plus background model where the Higgs boson mass is fixed at 125.4 GeV. The
background component of the fit is shown with the dotted blue curve. The signal component of
the fit is shown with the solid black curve. Both the signal plus background and background-
only curves reported here are obtained from the sum of the individual curves in 7 TeV and 8 TeV
categories. The bottom panel shows the data relative to the background component of the fitted

model.
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Figure 10.9: Diphoton invariant mass spectra observed in the 7 TeV and 8 TeV data in the untagged
categories of the Coupling Analysis: Central low pty (a), Central high py (b), Forward low pr
(c), and Central high pry (d).
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Figure 10.10: Diphoton invariant mass spectra observed in the 7 TeV and 8 TeV data in the VBF
categories of the Coupling Analysis: VBF loose (a) and VBF tight (b).
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Figure 10.11: Diphoton invariant mass spectra observed in the 7 TeV and 8 TeV data in the V H
categories of the Coupling Analysis: V H hadronic (a), V H EX (b), V H one-lepton (c) and V H
dilepton (d).
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Figure 10.12: Diphoton invariant mass spectra observed in the 7 TeV and 8 TeV data in the ttH

categories of the Coupling Analysis: tt H leptonic (a) and ¢t H hadronic.
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10.3.2 Signal strength measurements

The signal strengths are measured with the procedure described in Chapter (8 The profile of

the negative log-likelihood ratio of the combined signal strength y for my = 125.4 GeV is shown

in Figure[T0.13]
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Figure 10.13: The profile of the negative log-likelihood ratio A(x) of the combined signal strength
w for my = 125.4 GeV. The observed result is shown by the solid curve, the expectation from
the Standard Model by the dashed curve. The intersections of the solid and dashed curves with
the horizontal dashed line at A\(x) = 1 indicate the 68% confidence intervals of the observed and

expected results, respectively.

The local significance of the observed combined excess of events is 5.2 o (4.6 o expected). The

combined signal strength is measured to be

p=1.17+0.27
(10.1)

= 1.17 4 0.23 (stat.) T5:32 (syst.) T4z (theory)
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The signal strengths measured in the individual event categories are shown in Figure|[10.14{(a).
The signal strengths measured in the four groups of categories based on production modes de-
scribed in Section are presented in Figure (b). All of the individual and grouped signal

strengths are compatible with the combined signal strength.

Cemrallowpn [T T [ T [T Tt X[HXX‘XXng};fX![X!X![HN!‘N!H[XX!X“

L —— 4 E ]
+ i B ggF E B E
Central highp_ |- e B categories [ o ]
r R ATLAS n E ATLAS 3
Forward low P F : —— 4 — —
Forward high p._ | e [Ldt=45f [s=7Tev | VBF E fLdt=451" (s=7Tev 3
= R - categories | ]
VBF loose F —— JLdt=203b", [s=8TeV - = JLdt=203b", [s=8Tev 3
VBF tight o -~ H - yy.m,=1254GeV ] VH E H - yy,m,=1254GeV
VH dijet L PR . B categories ]
VH ETS i b ] ? ?
= i - ttH F 1
VH one-lepton | ———— i . % J
L. e | categories [ ]
ttH hadronic - —._:_ B r. 3
ttH leptonic j _§_._.— B E E
[ T._ """"""""""""""""""""""""""" Combined [ SR B
Combined Lo b by b by bl bl b b b b b by 10 d

-2 0 2 4 6 8 10 -1 0 1 2 3 4 5 6
Signal strength Signal strength

(a) (b)

Figure 10.14: The signal strength for a Higgs boson of mass my = 125.4 GeV decaying via H —
~vv as measured (a) in the individual categories of the Coupling Analysis, and (b) in groups of
categories sensitive to individual production modes for the combination of the 7 TeV and 8 TeV
data together with the combined signal strength. The vertical hatched band indicates the 68%
confidence interval of the combined signal strength. The vertical dashed line at unity indicates the
Standard Model expectation. The vertical dashed red line indicates the limit below which the fitted
signal plus background mass distribution for the ¢¢ H hadronic category becomes negative for some
mass in the fit range. The V H dilepton category is not shown because with only two events in the

combined sample, the fit results are not meaningful.

The impacts of the main sources of systematic uncertainty presented in Section [10.2| on the
combined signal strength parameter measurement are presented in Table [I0.10] They are deter-
mined from the difference in quadrature between the nominal uncertainty and change in the 68%
CL range on p when the corresponding nuisance parameters are fixed to their best fit values. The

sums of the squares of the theoretical uncertainties linked to the QCD scales, PDFs, and H — 7y
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branching ratio account for approximately 50% of the square of the total systematic uncertainty.
The dominant experimental uncertainty is from the photon energy resolution, which represents ap-
proximately 30% of the total systematic uncertainty (as above in terms of its contribution to the
square of the total systematic uncertainty). In the fit to extract the signal strengths, the post-fit val-
ues of the most relevant nuisance parameters (those apart from the ones of the background model)

do not show significant deviations from their prefit input values.

Uncertainty group ot
Theory (yield) 0.09
Experimental (yield) 0.02
Luminosity 0.03
MC statistics < 0.01
Theory (migrations) 0.03

Experimental (migrations)  0.02

Resolution 0.07
Mass scale 0.02
Background shape 0.02

Table 10.10: Main systematic uncertainties UZYSt' on the combined signal strength parameter ;. mea-
sured from the Coupling Analysis. The values for each group of uncertainties are determined by
subtracting in quadrature from the total uncertainty the change in the 68% confidence level range
on i, when the corresponding nuisance parameters are fixed to their best fit values. The experimen-
tal uncertainty on the yield does not include the luminosity contribution, which is accounted for

separately.
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In addition to the combined signal strength, the signal strengths of the primary production
processes are determined by exploiting the sensitivities of the analysis categories to specific pro-

duction processes, and found to be (see also Figure [10.15):

Jiggr = 1.32 £ 0.38

= 1.32 +£0.32 (stat.) 555 (syst.) 01 (theory) (10.2)
pver = 0.8 £ 0.7

=0.8 +£0.7 (stat.) 707 (syst.) T53 (theory) (10.3)
pweg =10=E£1.6

= 1.0 £ 1.5 (stat.) 703 (syst.) 707 (theory) (10.4)

pzg = 01757

= 0.1 T3¢ (stat.) T97 (syst.) T34 (theory) (10.5)
i = 1.6 437
= 1.6 723 (stat.) T9% (syst.) T35 (theory) (10.6)

In this measurement, both p,; and 1,5 are fixed to the SM expectations at unity. The correla-
tion between the fitted values of ji45r and pyvpr has been studied by still fixing both i, and pu55
to 1 and proﬁlin the remaining signal strengths iz, piw i, and gz The best-fit values of ji4gr
and pypr and the 68% and 95% CL contours are shown in Figure

In order to test the production through VBF, VH and t{H processes independent of the
H — ~~y branching ratio, the ratios pvpr/iiggr, v/ itggr, and puzp/pger are fitted separately by

fixing p:g and p5p to unit and profiling the remaining signal strengths. The measured ratios are

pver/ figgr = 0.6 105, (10.7)
MVH//ngF = 0.6 +0 69 (10.8)
puir /e = 1.2 7575, (10.9)

They are not significantly different from zero, and are consistent with the SM predictions of unity.

Likelihood scans of these ratios are presented in Figure [10.17

2 Profiling here means maximizing the likelihood with respect to all parameters apart from the parameters of interest

HggF and HUVBE-
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Figure 10.15: Measured signal strengths, for a Higgs boson of mass my = 125.4 GeV decaying

via H — 7, of the different Higgs boson production modes and the combined signal strength p

obtained with the combination of the 7 TeV and 8 TeV data in the Coupling Analysis. The vertical

dashed line at unity indicates the Standard Model expectation. The vertical dashed line at the

left end of the iz result indicates the limit below which the fitted signal plus background mass

distribution becomes negative for some mass in the fit range.
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Figure 10.16: The two-dimensional best-fit value of (uvgr, pger) for a Higgs boson of mass
mpy = 125.4 GeV decaying via H — 77 when fixing both ;5 and 5 to 1 and profiling all
the other signal strength parameters in the Coupling Analysis. The 68% and 95% confidence
level contours are shown with the solid and dashed lines, respectively. The result is obtained for

myg = 125.4 GeV and the combination of the 7 TeV and 8 TeV data.
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Figure 10.17: Measurements of the jivpr/figgr, v e/ ggr and fuzm [ jiger Tatios and their total
errors for a Higgs boson mass my = 125.4 GeV in the Coupling Analysis. For a more com-
plete illustration, the log-likelihood curves from which the total uncertainties are extracted are
also shown: the best fit values are represented by the solid vertical lines, with the total +1 ¢ and
+2 o uncertainties indicated by the dark- and light-shaded band, respectively. The likelihood curve
and uncertainty bands for piy 5/ j14r Stop at zero because below this the hypothesized signal plus
background mass distribution in the V' H dilepton channel becomes negative (unphysical) for some

mass in the fit range.
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10.3.3 Search for ¢t H production process and constraints on Yukawa coupling
between top quark and Higgs boson

A search for the ¢t H production can be conducted in the ¢ H categories [41]. The C'L,-based
95% CL exclusion upper limits have been set for ¢t¢H production times H — ~ branching ratio
following the procedure discussed in Section[8.2] The results based on asymptotic assumptions are
found to be consistent with limits derived from ensembles of pseudo-experiments. The observed
and expected upper limits for s,z at my = 125.4 GeV are summarized in Figure [10.1§]as well as
in Table where the expected limits assume ;77 = 0. The non-t¢ H Higgs boson production
modes, including ¢/, are fixed to their SM expectations with corresponding theory and experimen-
tal uncertainties assigned. An upper limit of 6.7 times the SM cross section times BR(H — v7)
is observed. Upper limits at 95% CL are also set on the signal strength of the sum of all ' — ~

processes, (4, and the observed (expected) limit is 5.7 (3.8).

Observed limit  Expected limit +20 +lo0 —-1lo 20
Combined (with systematics) 6.7 4.9 119 75 3.5 2.6
Combined (statistics only) 4.7 10.5 7.0 34 2.5
Leptonic (with systematics) 10.7 6.6 16.5 10.1 4.7 3.5
Leptonic (statistics only) 6.4 151 96 4.6 34
Hadronic (with systematics) 9.0 10.1 254 156 173 54
Hadronic (statistics only) 9.5 214 141 6.8 5.1

Table 10.11: Observed and expected 95% confidence level upper limits on the ¢t H production
cross section times BR(H — 77y) relative to the Standard Model prediction at my = 125.4 GeV.
All other Higgs boson production cross sections, including the cross section for ¢t production,
are set to their respective SM expectations. In addition, the expected limits corresponding to +2 o,
+10, —10, and —2 o variations are shown. The expected limits are calculated for the case where
ttH production is not present. The results are given for the combination of leptonic and hadronic
categories with all systematic uncertainties included, and also for leptonic and hadronic categories

separately. Expected limits are also derived for the case of statistical uncertainties only.
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Figure 10.18: Observed and expected 95% confidence level upper limits on the ¢t H production
cross section times BR(H — 7). All other Higgs boson production cross sections, including the
cross section for ¢ H production, are set to their respective Standard Model expectations. While the
expected limits are calculated for the case where ¢t H production is not present, the lines denoted
by “SM signal injected” show the expected 95% confidence level limits for a dataset corresponding
to continuum background plus SM Higgs boson production. The limits are given relative to the

SM expectations and at my = 125.4 GeV.

These results are also interpreted as 95% CL limits on the coupling modifier x; E] of the top—
Higgs Yukawa coupling. Variations in x; not only change the production cross sections of the
ttH and tH processes, but also affect the BR(H — ~7), and the cross sections of the other
Higgs production processes [16]. Figure illustrates the dependence of the ¢t H and t H cross
sections and of the BR(H — ) on x;. For x; = 0, the tt H process is turned off, and the top quark
contribution to ¢t production and to the loop-induced H — ~ decay is removed, leaving mainly
the contribution from W bosons. For values of x; < 0, on the other hand, the interference between
contributions from W bosons and top quarks to ¢ H production and to the BR(H — 77) becomes

constructive, thus enhancing the two processes with respect to their respective SM expectations.

3 More details of the x-framework can be found in Appendix
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Accidental cancellations of the contributions of top quarks and W bosons to the loop-induced
H — 7 decay lead to a minimum of the BR(// — <) around a value of k;, = +4.7. The
combined selection efficiency differs slightly for the three values of «; for which t Hqb and tHW
MC samples were generated. From these, the efficiency at different values of x, in the range
[—3, +10] is calculated by combining re-weighted MC samples with x; = +1, 0 and —1. The
weight for each sample is assigned in such a way that the cross-section value from the combination
follows the prediction shown in Figure The largest relative difference with respect to the
efficiency at k; = +1 over the entire range is found to be 14% (20%) for t Hqb (t HW) production.
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Figure 10.19: Production cross sections for t¢H and tH divided by their Standard Model ex-
pectations as a function of the scale factor to the top quark-Higgs boson Yukawa coupling, k.
Production of ¢t H comprises the t Hqb and t HW processes. Also shown is the dependence of the

BR(H — v7y) with respect to its SM expectation on x.

All H — ~y processes are considered and 95% CL limits are set on the total Higgs boson
production cross section times BR(H — ~7) with respect to the SM cross section for different
values of x;. Coupling strengths other than «; are set to their respective SM values. The continuum

background plus SM Higgs boson production (x; = +1) is taken as alternative hypothesis.
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The observed and expected limits on x; at my = 125.4 GeV are summarized in Figure
where the observed (expected) lower and upper limits on x; at 95% CL are —1.3 and +8.0 (—1.2
and +7.8). The expected limits assume «; = +1. The form of the limit curve shown in Figure|10.20)
is the result of the different dependencies of the different Higgs boson production processes as well
as the BR(H — 77) on k,. The negative log-likelihood scan of x; is shown in Figure[10.21] and it
is consistent with the SM expectation of unity. Although two different values of x; exist with the
same total number of expected events, there are no double minima at zero shown in Figure [10.20
because different relative contributions from the Higgs boson production processes in different

categories have lifted the degeneracy of the likelihood.
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Figure 10.20: Observed and expected 95% confidence level upper limits on the inclusive Higgs
production cross section with respect to the Standard Model cross section times BR(/I — v7)
for different values of x; at my = 125.4 GeV, where k; is the strength parameter for the top
quark-Higgs boson Yukawa coupling. All Higgs boson production processes are considered for the
inclusive production cross section. The expected limits are calculated for the case where x; = +1.
The C'L; alternative hypothesis is given by continuum background plus Standard Model Higgs

boson production.
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Figure 10.21: Negative log-likelihood scan of x; at my = 125.4 GeV, where k; is the strength

parameter for the top quark—Higgs boson Yukawa coupling.

10.3.4 Combination with other decay channels

While more details from ATLAS-CMS combined measurement of Higgs boson couplings
based on Run 1 data can be found in Reference [[120], here two sets of results will be highlighted
to demonstrate the power of the H — ~~ channel in combined Higgs boson coupling measure-
ments. The x-framework is intensively involved in the following results, and readers can find in
Appendix [A] more discussions.

The first set of results are the 2D likelihood contours in the (k. x,) plane, where «., and r, are
the coupling modifiers to the effective vertices H — v and gg — H, respectively. Since these
two processes are loop-induced, in some BSM scenarios new particles may contribute to the loop
processes. If it is assumed that all the couplings to SM particles are the same as in the SM, and the
new particles are heavy such that there are no BSM decays of the Higgs boson, (i.e. only the ggF
production and H — < decay loops may be affected by the presence of additional particles), the
results are shown in Figure The data is in very good compatibility with the SM prediction

atrk, = land K, = 1.
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Figure 10.22: Negative log-likelihood contours at 68% and 95% confidence level in the (k, Kg)
plane for the combination of ATLAS and CMS and for each experiment separately, as obtained
from the fit to the parameterization constraining all the other coupling modifiers to their Standard

Model values and assuming BRpgy = 0.

The second set of results are the 2D likelihood contours in the (kv, kr) plane, where kv and kg
are the coupling modifiers which are assumed to be uniformly applied to W/Z bosons (couplings
originated from EWSB) and fermions (Yukawa couplings), respectively. Though the LHC exper-
iments are not sensitive to the absolute sign of ky and kp, the ambiguity of their relative sign can
be resolved through interference effects in H — ~~ decay, tH production (as discussed in Sec-
tion[10.3.3)), and ggZ H production (mentioned in Section[2.T). Assuming in addition that only SM
particles couples to the Higgs sector, the results are shown in Figure As one can see from
Figuree [10.23] (a), while other decay channels shown almost symmetric contour pattern between

the kp positive and negative branches, the H — 7~ channel uniquely shows obvious asymmetry,
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suggesting that most of the sensitivity for lifting the sign degeneracy between kv and kg at 5o

level shown in Figure [10.23](b) comes from this process.
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Figure 10.23: (a) Negative log-likelihood contours at 68% and 95% confidence level in the
(/ij;, m{/) plane for the combination of ATLAS and CMS and for the individual decay channels,
as well as for their combination (kp versus ki shown in black), without any assumption about
the relative sign of the coupling modifiers. (b) Observed (solid line) and expected (dashed line)
negative log-likelihood scans for the global xp parameter, corresponding to the combination of
all decay channels. The red (green) horizontal lines at the —2A In A value of 1 (4) indicate the
value of the profile likelihood ratio corresponding to a 1 o (2 0) confidence level interval for the

parameter of interest.
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Chapter 11
Measurement of Higgs boson mass

11.1 Measurement in diphoton decay channel by ATLAS

In this section, a brief summary of the Higgs boson mass measurement in the / — -~ channel
based on LHC Run 1 dataset by the ATLAS experiment (Mass Analysis) will be given. Readers
can refer to Reference [|118]] for more details.

The Mass Analysis is based on the same selected diphoton data sample used for the Coupling
Analysis (Chapter [I0). The categorization applied is optimized to reduce systematic uncertainty
on the measurement of m . First of all, the events are divided into two groups, one for events with
both photons unconverted, and the other for events with at least one converted photon. Each group
is then classified according to the 7 of two photons into Central (both photon with |n| < 0.75),
Transition (at least one photon with 1.3 < |n| < 1.75), and Rest categories. Finally, the Central
and Rest categories are further split into low pry (< 70 GeV) and high pr (otherwise) ones. In
total ten categories are introduced to the 7 TeV and the 8 TeV data each.

The signal modeling has been discussed in Section The background models are selected
based on the same smeared MC used for the untagged categories of the Coupling Analysis. Expo-
nential functional form has been chosen for the four high pr, categories with low statistics, whereas
the rest six categories with high statistics are modeled by exponential of second-order polynomial.

The expected signal rate, mass resolution and background in each category is summarized in
Table[T1.1l Small differences in mass resolution arise from the differences in the effective constant
term measured with Z— e*e™ events and from the lower pile-up level in the 7 TeV data. In the
8 TeV data which dominate the sensitivity of the measurement, the expected resolution of the
signal peak quantified by half of the smallest mass window which contains 68% of the total signal

varies from 1.2 GeV to 2.4 GeV.
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The systematic uncertainties affecting the mass measurement are summarized in Table [I1.2]
The total systematic uncertainty on the measured mass is 0.22%, dominated by the uncertainty on
the photon energy scale.

The measured Higgs boson mass in the I — 7 channel is

mpy = 125.98 £ 0.42(stat) £ 0.28(syst) GeV
(11.1)

= 125.98 4+ 0.50 GeV.
The H — ~v channel is combined with H — ZZ®*) — £¢¢¢ channel (invariant mass spectrum
shown in Figure|11.1) by ATLAS to give the ATLAS Run 1 Higgs boson mass measurement result

used in the Coupling Analysis:

mpy = 125.36 £ 0.37 (stat) £ 0.18 (syst) GeV 112)

= 125.36 + 0.41 GeV.

In the combined measurement of the Higgs boson mass, the signal strength scale factors in each
channel is floating independently as a nuisance parameter to reducing the dependence of the re-
sults on assumptions about the Higgs boson production cross section times decay branching ratio
with the mass. Only H — vy and H — ZZ®*) — (0¢¢ channels are included in the combined
measurement because these two channels are the only ones which have both excellent mass reso-
lution and sensitivity (same for the CMS measurements to be discussed). The interference effect
between signal and continuum background in the H — <~ channel has been discussed in Sec-
tion 4.2/ to be small. The effect in the H — ZZ*) — ¢(¢ channel is expected to be even much
smaller [121]. These interference effects are thus neglected in the combined measurement and also

in the ATLAS—CMS combined measurement to be discussed.
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Figure 11.1: Distribution of the four-lepton invariant mass for the selected candidates in the myy
range from 80 GeV to 170 GeV for the combined 7 TeV and 8 TeV data samples. Superimposed
are the expected distributions of a SM Higgs boson signal for my = 124.5 GeV normalized to the

measured signal strength, as well as the expected Z Z* and reducible backgrounds.
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Category ngg FWHM [GeV] o [GeV]  bintoemo s/b[%] s/ Vb
\/s=8 TeV
Inclusive 402. 3.69 1.67 10670 3.39 3.50
Unconverted central low ppy 59.3 3.13 1.35 801 6.66 1.88
Unconverted central high pry 7.1 2.81 1.21 26.0 24.6 1.26
Unconverted rest low pry 96.2 3.49 1.53 2624 3.30 1.69
Unconverted rest high p 10.4 3.11 1.36 93.9 9.95 0.96
Unconverted transition 26.0 4.24 1.86 910 2.57 0.78
Converted central low py 37.2 3.47 1.52 589 5.69 1.38
Converted central high p 4.5 3.07 1.35 20.9 194 0.88
Converted rest low pry 107.2 4.23 1.88 3834 2.52 1.56
Converted rest high py 11.9 3.71 1.64 144.2 7.44 0.89
Converted transition 42.1 5.31 241 1977 1.92 0.85
V/s=T TeV
Inclusive 73.9 3.38 1.54 1752 3.80 1.59
Unconverted central low ppy 10.8 2.89 1.24 128 7.55 0.85
Unconverted central high pr 1.2 2.59 1.11 3.7 30.0 0.58
Unconverted rest low pry 16.5 3.09 1.35 363 4.08 0.78
Unconverted rest high p 1.8 2.78 1.21 13.6 11.6 0.43
Unconverted transition 4.5 3.65 1.61 125 3.21 0.36
Converted central low py 7.1 3.28 1.44 105 6.06 0.62
Converted central high p 0.8 2.87 1.25 3.5 21.6 0.40
Converted rest low pry 21.0 3.93 1.75 695 2.72 0.72
Converted rest high py 2.2 3.43 1.51 24.7 7.98 0.40
Converted transition 8.1 4.81 2.23 365 2.00 0.38

Table 11.1: Summary of the expected number of signal events in the 105 — 160 GeV mass range
(nsig), the full width at half maximum (FWHM) of mass resolution, half of the smallest range
containing 68% of the signal events (oe¢), number of background events b in the smallest mass
window containing 90% of the signal (cefr0), and the ratio s/b and s/ /b with s being the expected
number of signal events in the window containing 90% of signal events for the Mass Analysis. b is
derived from the fit of the data in the 105 — 160 GeV mass range. The value of my is taken to be
126 GeV and the signal yield is assumed to be the expected Standard Model value. The estimates
are shown separately for the 7 TeV and 8 TeV datasets and for the inclusive sample as well as for

each of the categories.
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11.2 ATLAS-CMS combined measurement

The ATLAS and CMS Collaborations have independently measured the Higgs boson mass m g
using the samples of pp collision data collected in LHC Run 1 during 2011 and 2012. Combined
results in the context of the separate experiments, as well as those in the individual channels, are
presented in References [118,122-124]]. As my is a unconstrained fundamental parameter of
the SM and is essential for the measurement of other Higgs boson properties, it is paramount to

further enhance the precision of the measurement of my by combining the datasets from the two

experiments.
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Figure 11.2: Invariant mass spectra from CMS H — v (a) and H — ZZ®*) — £0¢¢ (b) analyses

based on Run 1 dataset.

The invariant mass spectra from CMS analyses are shown in Figure [I1.2] The analysis strate-
gies used by ATLAS and CMS are quite similar in both H — vy and H — ZZ" — (000
channels. In the combined fit, the signal strength parameters are also floating independently be-

tween two decay channels. In addition, the signal strength in the / — ~+ channel is split into two

independent free parameters, p' ", -

b and ey - The production processes involving Higgs
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boson couplings to fermions, namely ggF and ¢t H, are scaled with the ,u;;F iy factor. The pro-
duction processes involving couplings to vector bosons, namely VBF and V' H, are scaled with the
rsry g factor. This split is not introduced in ATLAS combined measurement discussed in the
last section, because ATLAS H — v+ analysis has little sensitivity to separate different produc-
tion modes. Nevertheless, since the CMS H — ~7 analysis contains very similar categorization
as used for the ATLAS coupling analysis discussed in Chapter it is pertinent to further reduce
the dependence of the results on assumptions about the Higgs boson couplings. The signal strength
parameter in the H — ZZ") — (000 channel (u*) is not split for H — ZZ®*) — (0¢¢ analyses
because the my measurement in this case is found to exhibit almost no sensitivity to the different
production mechanisms. The procedure based on the two scale factors ) ¢ 7y and ppp gy for
the H — ~yy channel results in a shift of about 40 MeV in the ATLAS H — ~ result reported in
Equation (TT.T)), leading to a shift of 20 MeV in the ATLAS combined mass measurement result
report in Equation (T1.2).

Combining the ATLAS and CMS data for the H — vy and H — ZZ®*) — (£¢( channels, the

mass of the Higgs boson is determined to be

mpy = 125.09 £ 0.24 GeV
(11.3)

= 125.09 £ 0.21 (stat.) £ 0.11 (syst.) GeV.

By the time this thesis is written, Equation (11.3)) still represents the best knowledge on the Higgs
boson mass, which is consistent with the values of my derived from the less precise WW and 77
Higgs boson decay modes [[125-128]]. The result shows that the uncertainties in the my measure-
ment are dominated by the statistical term, even when the Run 1 data sets of ATLAS and CMS are
combined. Figure[I1.3]shows the negative log-likelihood ratio scans as a function of my, with all
nuisance parameters profiled (solid curves), and with the nuisance parameters fixed to their best-fit
values (dashed curves).

The combined ATLAS and CMS results for my measured in the separate H — vy and H —
ZZ) — (000 channels are

my; =125.07 £ 0.29 GeV
(11.4)

= 125.07 £ 0.25 (stat.) & 0.14 (syst.) GeV

! Unlike ATLAS, CMS uses the same H — ~y analysis to study both Higgs boson mass and couplings.
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Figure 11.3: Scans of twice the negative log-likelihood ratio —21n A(my) as functions of the
Higgs boson mass m; for the ATLAS and CMS combination of the H — v (red), H — ZZ®) —
20¢¢ (blue), and combined (black) channels. The dashed curves show the results accounting for
statistical uncertainties only, with all nuisance parameters associated with systematic uncertainties
fixed to their best-fit values. The 1 and 2 standard deviation limits are indicated by the intersections

of the horizontal lines at 1 and 4, respectively, with the log-likelihood scan curves.

and

mi = 125.15 4+ 0.40 GeV
(11.5)

= 125.15 £+ 0.37 (stat.) £ 0.15 (syst.) GeV.

The corresponding likelihood ratio scans are also shown in Figure [[T.3]

A summary of the results from the individual analyses and their combinations is presented in
Figure[I1.4] The mutual compatibility of the m  results from the four individual channels is tested
using a likelihood ratio with four masses in the numerator and a common mass in the denominator,
and thus three degrees of freedom. The three signal strengths are profiled in both the numerator
and denominator of the likelihood ratio. The resulting compatibility, defined as the asymptotic

p-value (Section [8.2)) of the fit, is 10%. Allowing the ATLAS and CMS signal strengths to vary
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independently yields a compatibility of 7%. This latter fit results in an my value that is 40 MeV

larger than the nominal result.

T T T T I T T T T I T T T T T T T T I T T T T T T T T I T T T T I T T
ATLAS and CMS —e— Total Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst.

ATLAS H - yy F——s——H 126.02+0.51 (0.43 + 0.27) GeV
CMS H - yy = 124.70 + 0.34 (+ 0.31+ 0.15) GeV
ATLAS H -ZZ -4l —— 12451+ 0.52 (+ 0.52 * 0.04) GeV
CMS H-ZzZ -4l —— 125.59 + 0.45 (£ 0.42 £ 0.17) GeV
ATLAS+CMS yy |—|§||—| 125.07 + 0.29 (£ 0.25 + 0.14) GeV
ATLAS+CMS 4| |—|—}I|—| 125.15 + 0.40 ( + 0.37 + 0.15) GeV
ATLAS+CMS yy+4l H$l—| 125.09 +0.24 ( +0.21 * 0.11) GeV
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
123 124 125 126 127 128 129
m,, [GeV]

Figure 11.4: Summary of Higgs boson mass measurements from the individual analyses of ATLAS
and CMS and from the combined analysis presented here. The systematic (narrower, magenta-
shaded bands), statistical (wider, yellow-shaded bands), and total (black error bars) uncertainties
are indicated. The (red) vertical line and corresponding (gray) shaded column indicate the central

value and the total uncertainty of the combined measurement, respectively.

The compatibility of the combined ATLAS and CMS mass measurement in the H — vy
channel with the combined measurement in the H — ZZ*) — (¢¢( channel is evaluated using
the variable Am.z = m};] — m}; as the parameter of interest, with all other parameters, includ-
ing my, profiled. Similarly, the compatibility of the ATLAS combined mass measurement in the
two channels with the CMS combined measurement in the two channels is evaluated using the

ATLAS CMS
My .

variable Am®?P = — my The observed results, Am.,, = —0.1 £0.5 GeV and
Am®*P = 0.4 £ 0.5 GeV, are both consistent with zero within 1 0. The difference between the
mass values in the two experiments is AmZ™ = 1.3+ 0.6 GeV (2.1 0) for the H — 7 channel

and Am$;” = —0.9 & 0.7 GeV (1.30) for the H — ZZ") — (0(¢ channel. The combined

results exhibit a greater degree of compatibility than the results from the individual decay channels

because the Am®? value has opposite signs in the two channels.
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The correlation between the signal strength and the measured mass is explored with two-

dimensional likelihood scans as functions of 1 and my. The three signal strengths are assumed to

~

be the same: :ung HH = PUBRavE = p* = p, and thus the ratios of the production cross sections

9
times branching fractions are constrained to the SM predictions. The 68% CL confidence regions
derived from asymptotic assumptions (Section [8.2)) are shown in Figure [[1.5] for each individual

measurement, as well as for the combined result.
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Figure 11.5: Summary of likelihood scans in the two-dimensional plane of signal strength y versus
Higgs boson mass my for the ATLAS and CMS experiments. The 68% confidence level contours
of the individual measurements are shown by the dashed curves and of the overall combination by
the solid curve. The markers indicate the respective best-fit values. The Standard Model signal

strength is indicated by the horizontal line at 1 = 1.

Constraining all signal yields to their SM predictions results in an my value that is about
70 MeV larger than the nominal result with a comparable uncertainty. The increase in the central
value reflects the combined effect of the higher-than-expected H — ZZ*) — (¢ measured sig-
nal strength and the increase of the H — ZZ branching fraction with my. Thus, the fit assuming
SM couplings forces the mass to a higher value in order to accommodate the value 1 = 1 expected

in the SM.
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The observed uncertainties in the combined measurement can be compared with expectations.
The latter are evaluated by generating two Asimov data sets [[106] ﬂ The first Asimov data set is a
“prefit” sample, generated using my = 125.0 GeV and the SM predictions for the couplings, with
all nuisance parameters fixed to their nominal values. The second Asimov data set is a “postfit”
sample, in which m, the three signal strengths ()7 sy fNr v e and g%, and all nuisance
parameters are fixed to their best-fit estimates from the data. The expected uncertainties for the

combined mass are

Mg presic = £0.24 GeV = £0.22 (stat.) £ 0.10 (syst.) GeV (11.6)
for the prefit case and

M ppostie = £0.22 GeV = £0.19 (stat.) £ 0.10(syst.) GeV (11.7)

for the postfit case. Both are very similar to the observed uncertainties reported in Equation (T1.3).

Since the discovery of the Higgs boson, both experiments have improved their understanding
of the electron, photon, and muon measurements [82,92,/123,129+131], leading to a significant
reduction of the systematic uncertainties in the mass measurement. Nevertheless, the treatment and
understanding of systematic uncertainties is an important aspect of the individual measurements
and their combination. Based on the results from the individual experiments, the dominant system-
atic uncertainties for the combined m result are expected to be those associated with the energy
or momentum scale and its resolution: for the photons in the H — ~y channel and for the electrons
and muons in the H — ZZ™) — ¢00¢ channel [118,/122,/123]. These uncertainties are assumed
to be uncorrelated between the two experiments since they are related to the specific characteris-
tics of the detectors as well as to the calibration procedures, which are fully independent except
for negligible effects due to the use of the common Z boson mass to specify the absolute energy
and momentum scales. Other experimental systematic uncertainties [118}122,|123]] are similarly
assumed to be uncorrelated between the two experiments. Uncertainties in the theoretical pre-
dictions and in the measured integrated luminosities are treated as fully and partially correlated,

respectively.

2 An Asimov data set is a representative event sample that provides both the median expectation for an experimen-
tal result and its expected statistical variation, in the asymptotic approximation, without the need for an extensive

MC-based calculation.
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To evaluate the relative importance of the different sources of systematic uncertainty, the nui-
sance parameters are first grouped according to their correspondence to three broad classes of

systematic uncertainty:

e uncertainties in the energy or momentum scale and resolution for photons, electrons, and

muons (“scale”),

e theoretical uncertainties, e.g. uncertainties in the Higgs boson cross section and branching

fractions, and in the normalization of SM background processes (“theory”),

e other experimental uncertainties (“other”).

The uncertainties associated with the different classes of nuisance parameters are defined by the
difference in quadrature between the uncertainties resulting from consecutive scans, where iterative
fits are performed with the different classes of nuisance parameters cumulatively held fixed to their
best-fit values as discussed in Section The statistical uncertainty is determined from the final

scan, with all nuisance parameters associated with systematic terms held fixed. The result is
mpy = 125.09 £ 0.21 (stat.) & 0.11 (scale) & 0.02 (other) £ 0.01 (theory) GeV, (11.8)

from which it is seen that the systematic uncertainty is indeed dominated by the energy and mo-
mentum scale terms.

The relative importance of the various sources of systematic uncertainty is further investigated
by dividing the nuisance parameters into yet-finer groups, with each group associated with a spe-
cific underlying effect, and evaluating the impact of each group on the overall mass uncertainty.
The matching of nuisance parameters to an effect is not strictly rigorous because nuisance param-
eters in the two experiments do not always represent exactly the same effect and in some cases
multiple effects are related to the same nuisance parameter. A few experiment-specific groups of
nuisance parameters are defined. For example, ATLAS includes a group of nuisance parameters
to account for the inaccuracy of the background modeling for the / — 7~ channel. To model
the background, ATLAS uses specific analytic functions in each category as discussed in the last
section, while CMS simultaneously considers different background parameterizations [[132]]. The
systematic uncertainty in my related to the background modeling in CMS is estimated to be neg-

ligible [122].
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The impact of groups of nuisance parameters is evaluated starting from the contribution of
each individual nuisance parameter to the total uncertainty. This contribution is defined as the
mass shift dm g observed when re-performing the maximum likelihood fit after fixing the nuisance
parameter in question to its best-fit value increased or decreased by 1 standard deviation (o) in its
distribution, which corresponds to the contribution of that particular nuisance parameter to the final
uncertainty. The impact of a group of nuisance parameters is estimated by summing in quadrature
the contributions from the individual parameters.

The impacts dmy due to each of the considered effects are listed in Table The results
are reported for the four individual channels, both for the data and (in parentheses) the prefit
Asimov data set. The row labeled “Systematic uncertainty (sum in quadrature)” shows the total
sums in quadrature of the individual terms in the table. The row labeled “Systematic uncertainty
(nominal)” shows the corresponding total systematic uncertainties derived using the subtraction in
quadrature method discussed in connection with Equation (I1.3). The two methods to evaluate
the total systematic uncertainty are seen to agree within 10 MeV, which is comparable with the
precision of the estimates. The two rightmost columns of Table list the contribution of each
group of nuisance parameters to the uncertainties in the combined mass measurement, for ATLAS
and CMS separately.

The statistical and total uncertainties are summarized in the bottom section of Table[I1.3l Since
the weight of a channel in the final combination is approximately determined by the inverse of the
squared uncertainty, the relative weights for the combined result are estimated to be 19% (H —
) and 18% (H — ZZ%) — ¢000) for ATLAS, and 40% (H — ~~) and 23% (H — ZZ®) —
0000y for CMS. These weights are reported in the last row of Table along with the expected
values.

Figure presents the impact of each group of nuisance parameters on the total systematic
uncertainty in the mass measurement of ATLAS, CMS, and their combination. For the individual
ATLAS and CMS measurements, the results in Figure [I1.6] are approximately equivalent to the
sum in quadrature of the respective dmy terms in Table multiplied by their analysis weights,
after normalizing these weights to correspond to either ATLAS only or CMS only. The ATLAS

and CMS combined results in Figure are the sum in quadrature of the combined results in

Table[TT.3
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The results in Table [I1.3] and Figure [11.6] establish that the largest systematic effects for the
mass uncertainty are those related to the determination of the energy scale of the photons, followed
by those associated with the determination of the electron and muon momentum scales. Since the
CMS H — vy channel has the largest weight in the combination, its impact on the systematic

uncertainty of the combined result is largest.

ATLAS and CMS Uncertainty in ATLAS Uncertainty in CMS Uncertainty in LHC
LHC Run 1 combined result combined result combined result
T T T T I T T T T I T T T T T I T T T T I T T T 71 I T T 71 I T T 71 I T T
ATLAS ECAL non-linearity / 1 1 1
CMS photon non-linearity
Material in front of ECAL ] ] ]
ECAL longitudinal response ] H| ]
ECAL lateral shower shape ] ] ]
Photon energy resolution [] 1 1
ATLAS H - yy vertex & conversion —]
reconstruction ]
Z - ee calibration ] ] ]
CMS electron energy scale & resolution ] ]
Muon momentum scale & resolution [ ] ]
ATLAS H - yy background modeling ] 1
Integrated luminosity
Additional experimental ATLAS CMS Combined
systematic uncerta!nt!es Observed Observed Observed
Theory uncertainties || CJExpected COJExpected [CJExpected
1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 I 1 1 1 1 I 1 11 1 I 11 1 I 11 1 I 11

0 0.05 01 O 0.05 0.1 O 0.020.04 0.06
om, [GeV]

Figure 11.6: The impacts dmy (see text) of the nuisance parameter groups in Table |11.3|on the

ATLAS (left), CMS (center), and combined (right) mass measurement uncertainty. The observed

(expected) results are shown by the solid (empty) bars.
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Uncertainty in ATLAS
results [GeV]:

Uncertainty in CMS
results [GeV]:

Uncertainty in
combined result [GeV]:
observed (expected)

observed (expected) observed (expected)

H =y H—ZZ® 00 H-—~y H—ZZ® 0000 ATLAS CMS
Scale uncertainties:
ATLAS ECAL non-linearity or 0.14 (0.16) - 0.10 (0.13) - 0.02 (0.04) 0.05 (0.06)
CMS photon non-linearity
Material in front of ECAL 0.15(0.13) - 0.07 (0.07) - 0.03 (0.03) 0.04 (0.03)
ECAL longitudinal response 0.12 (0.13) - 0.02 (0.01) - 0.02 (0.03) 0.01 (0.01)
ECAL lateral shower shape 0.09 (0.08) - 0.06 (0.06) - 0.02 (0.02) 0.03 (0.03)
Photon energy resolution 0.03 (0.01) - 0.01 (<0.01) - 0.02 (<0.01) <0.01 (<0.01)
ATLAS H — v vertex and conversion 0.05 (0.05) - - - 0.01 (0.01) -
reconstruction
Z — ee calibration 0.05 (0.04) 0.03 (0.02) 0.05 (0.05) - 0.02 (0.01) 0.02 (0.02)
CMS electron energy scale and resolution - - - 0.12 (0.09) - 0.03 (0.02)
Muon momentum scale and resolution - 0.03 (0.04) - 0.11 (0.10) <0.01 (0.01) 0.05 (0.02)
Other uncertainties:
ATLAS H — ~yvy background 0.04 (0.03) - - - 0.01 (0.01) -
modeling
Integrated luminosity 0.01 (<0.01) <0.01 (<0.01) 0.01 (<0.01) <0.01 (<0.01) 0.01 (<0.01)
Additional experimental systematic 0.03 (<0.01) <0.01 (<0.01) 0.02 (<0.01) 0.01 (<0.01) 0.01 (<0.01) 0.01 (<0.01)
uncertainties
Theory uncertainties <0.01 (<0.01) <0.01 (<0.01) 0.02 (<0.01) <0.01 (<0.01) 0.01 (<0.01)
Systematic uncertainty (sum in 0.27 (0.27) 0.04 (0.04) 0.15 (0.17) 0.16 (0.13) 0.11 (0.10)
quadrature)
Systematic uncertainty (nominal) 0.27 (0.27) 0.04 (0.05) 0.15 (0.17) 0.17 (0.14) 0.11 (0.10)
Statistical uncertainty 0.43 (0.45) 0.52 (0.66) 0.31(0.32) 0.42 (0.57) 0.21 (0.22)
Total uncertainty 0.51 (0.52) 0.52 (0.66) 0.34 (0.36) 0.45 (0.59) 0.24 (0.24)

Analysis weights 19% (22%) 18% (14%) 40% (46%) 23% (17%) -

Table 11.3: Systematic uncertainties dmy (see text) associated with the indicated effects for each of the
four input channels, and the corresponding contributions of ATLAS and CMS to the systematic uncertainties
of the combined result. “ECAL” refers to the electromagnetic calorimeters. The numbers in parentheses
indicate expected values obtained from the prefit Asimov data set discussed in the text. The uncertainties
for the combined result are related to the values of the individual channels through the relative weight of
the individual channel in the combination, which is proportional to the inverse of the respective uncertainty
squared. The top section of the table divides the sources of systematic uncertainty into three classes, which
are discussed in the text. The bottom section of the table shows the total systematic uncertainties estimated
by adding the individual contributions in quadrature, the total systematic uncertainties evaluated using the
nominal method discussed in the text, the statistical uncertainties, the total uncertainties, and the analysis

weights, illustrative of the relative weight of each channel in the combined m y measurement.
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Chapter 12

Search for high mass scalar resonance in diphoton decay channel

The search for a new scalar resonance in the diphoton final state has been conducted by the
ATLAS Experiment based on the LHC Run 1 dataset [[133]]. The increase of center-of-mass energy
in LHC Run 2 allows to push the search range to even higher mass. To reduce model dependency,
the search is conducted on the inclusive m.,, spectra of data collected during 2015 and 2016 sepa-
rately. The reason not to merge the two years’ datasets is due to the fact that a notable excess has
been observed in the 2015 dataset [43]], and 2016 dataset thus need to be separated out to provide

an independent cross check of the excess.

12.1 Systematic uncertainties

The systematic uncertainties used in the search analyses are summarized in Table [I2.1] The
experimental uncertainties on the integrated signal yield are similar to the ones used in the Mea-
surement Analyses, and have only marginal impact on the analysis results. The uncertainty on the
correction factor C' (2.8%) is estimated based on variations from using different production modes
(VBF and associated production with vector boson or top quark pair) and also different decay
width for the calculation. The relative uncertainty in the signal mass resolution is mostly driven by
the uncertainty in the constant term of the energy resolution, which is the dominant contribution
at high energy, and varies as a function of the mass from 17% at a mass of 200 GeV to 40% at a
mass of 2 TeV. The photon energy scale uncertainty is about 0.5%, and is not used for most of the
results since the hypothesized new particle mass is scanned.

As for the background modeling study, the background template is prepared using MC simu-
lation for the v~ background component, and using data control regions for the +;j and v contri-

butions. The data control samples are selected with at least one of the two photons failing the tight
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Source Uncertainty

Signal yield
Luminosity +2.1% (2015), £3.7% (2016)
Trigger +0.63%
Photon identification +1-2%, mass-dependent
Isolation efficiency +1-4%
Scalar production process +2.8%
Photon energy scale negligible
Photon energy resolution negligible

Signal modeling

Photon energy resolution % (at my = 200 GeV) - T3 (at my = 2 TeV)
Photon energy scale +0.5%—+0.7%
Pile-up negligible

Background
Spurious Signal for 2015 3 x 1073(6.4%,1073) — 3.6(7.7) events, NWA
(2016 (12.4 fb~1) 8 x 1072 (17.2 x 1072) — 20(43) events, LWA a= 10%

Table 12.1: Summary of systematic uncertainties on the signal and background considered in the

Search Analysis.

photon identification criteria but still pass the loose ones || To overcome the problem of having
limit statistics in the control samples, the m., shapes of the control samples are parameterized
by various smooth functions. Different components of the background are then ensembled based
on the decomposition study mentioned in Section for the spurious signal study. The spurious
signals are evaluated for all the hypothesized masses (1mx) and widths (I'y) to be searched, rang-
ing from 200 GeV to 2400 GeV in myx and from 4 MeV to 10% of my for I'y. The background

functional form is selected to be

f(x;b,a) = N(1 — x/3)bae, (12.1)

! Multiple sets of loose criteria are used in this analysis as cross checks.
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where © = m.,,/+/s, b and a are free parameters controlling the shape, and N is the free normal-
ization factor. The fit range is chosen to be starting from 150 GeV when analyzing the 2015 data,
and is raised to 180 GeV when analyzing the 2016 or the combined dataset in order to satisfy the
spurious signal criterion mentioned in Chapter[7.2] Since the MC statistics are quite limited for the
~~ component, before they are implemented in the likelihood model the raw spurious signals are

parameterized with a smooth envelope function for conservativeness.

12.2 Results
12.2.1 Diphoton invariant mass spectra

Figure shows the diphoton invariant mass distributions together with the background-only
fits, for events selected in the 2015 and in the 2016 data separately. The invariant mass distribution

including events selected from both years’ data is shown in Figure [12.2]

12.2.2 Compatibility with the background-only hypothesis

The 2015 data were first published in Reference [43]]. Since then the data have been re-analyzed
with improved photon reconstruction algorithms. The photon calibration applied has also been up-
dated with 13 TeV data collected. In addition, the signal model has been switched from POWHEG
to MADGRAPHS5_AMC@NLO to overcome the unphysical shoulder in POWHEG signal model
which shows up at very large width. The significance of the largest excess above the background-
only hypothesis in 2015 data hence is slightly reduced to 3.4 o. The corresponding signal mass is
730 GeV with a relative width of 8%.

In the 2016 data, no significant deviation from the background-only hypothesis is observed at
the value of the mass corresponding to the most significant excess in 2015 data. The compatibility
between the 2016 data and the best fit signal associated to the largest excess in the 2015 data is
investigated by assuming a signal mass and width determined from the smallest local py in the
2015 data. The compatibility between the signal cross sections extracted from the 2015 and 2016
datasets is at the level of 2.7 o, due to the absence of a significant excess in the 2016 dataset near

730 GeV.
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Figure 12.1: Invariant mass distribution of the selected diphoton candidates in the Search Analysis,
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 indicates
a values outside the range with more than one standard deviation. There is no data event with

My > 2500 GeV.
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Figure 12.2: Distribution of the diphoton invariant mass of the selected events in the Search Anal-
ysis, with the background-only fit. The difference between the data and this fit is shown in the
bottom panel. The arrow shown in the lower panel indicates a values outside the range with more

than one standard deviation. There is no data event with m.,, > 2500 GeV.
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The two datasets are then combined to compute local compatibility with the background-only
hypothesis as a function of the hypothesized resonance mass and width, as shown in Figure [12.3]
Figure[12.4]illustrates the local compatibility as a function of the assumed mass for a few values of
the assumed resonance width, comparing the results observed with the 2015 dataset only, the 2016

dataset only and the combined dataset.

ATLAS Preliminary Vs =13TeV, 15.4fo'  Spin-0 Selection

— 3.5 L)
S 10 L,
< (]
E s 8
<8 2
2.5 =
2
6 2 =
(&)
o
15 4
4
1
2
0.5
0 0
500 1000 1500 2000
m, [GeV]

Figure 12.3: Compatibility, in terms of local significance o, with the background-only hypothesis

as a function of the assumed signal mass and width for a scalar resonance.

In the combined dataset, the largest deviation over the background-only hypothesis is observed
at a mass of 1600 GeV for an assumed narrow width, corresponding to a local significance of 2.4 .
The corresponding global significance is smaller than one standard deviation. In the 700 — 800 GeV

mass range the largest local significance is 2.3 o for a mass near 710 GeV and a relative width of

10%.

12.2.3 Limits on fiducial cross section

Limits on the cross section times branching ratio to diphoton are derived. The limits are inter-

preted in a nearly model-independent way in terms of the cross section within the fiducial accep-

tance defined in Section[7.1.2]
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Figure 12.4: Observed local py values as a function of the assumed scalar resonance mass mx,
for different values of decay widths I"x: (a) narrow-with (I'y = 4 MeV), (b) I'x /mx = 2%, (c)
Fx/mX = 6%, and (d) Fx/mX = 10%

Figure [12.5] shows the limits on the signal fiducial cross section times branching ratio to two
photons for a scalar particle as a function of the assumed signal mass and for different values of
the signal width. For a narrow decay width, the limits on the fiducial cross section times branching

ratio range from 15 fb near a mass of 200 GeV to 0.2 fb at 2400 GeV.
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Figure 12.5: Upper limits on the fiducial cross section times branching ratio to two photons of
a scalar particle produced at /s = 13 TeV as a function of its mass my, for different values of
decay widths " (a) narrow-with (T'xy = 4 MeV), (b) I'x/mx = 2%, (c) I'x/mx = 6%, and (d)
Ix/mx = 10%.
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Chapter 13

Conclusion

With 4.8 fb~! of pp collision data collected at /s = 7 TeV in 2011, and 5.9 fb~! data col-
lected at 8 TeV in 2012 by the ATLAS detector at the LHC, an excess of 4.5 o deviation from the
background-only hypothesis is observed near 126.5 GeV in the diphoton final state. Along with the
excesses observed inthe H — ZZ*) — (000 and H — WW® — (ulv channels, the observation
of a Higgs-like particle is established at 6.0 o level.

With more data accumulated during LHC Run 1, the measurements of Higgs boson couplings
and mass are conducted in the H — 77 channel by the ATLAS experiment based on 4.5 fb~! of
pp collision data at /s = 7 TeV collected in 2011, and 20.3 fb~! data at /s = 8 TeV collected
in 2012. The combined signal strength is measured to be ;1 = 1.17 1038 at my = 125.4 GeV,
which is in good agreement with SM expectation at unity within uncertainty. The signal strength
parameters for individual Higgs boson production processes are also measured and found to be
consistent with SM predictions. The results from ATLAS H — - analysis are then combined
with other decay channels from both ATLAS and CMS experiments, and no obvious deviation
from SM expectation is found. The mass of the Higgs boson is first measured in H — <y and
H — ZZ™ — (00¢ channels, and then combined between the two channels and also between
ATLAS and CMS experiments to maximize the statistical power. The combined mass is measured
tobe my = 125.09 + 0.24 GeV.

With LHC center-of-mass energy increased to 13 TeV, a search for high mass BSM scalar
resonance is performed based on 15.4 fb~! of pp collision data collected during 2015 and 2016.
While a notable wide excess is first found in the 2015 dataset (3.2 fb—!) near 750 GeV, it is not
confirmed by the 2016 data with much higher integrated luminosity (12.4 fb~!) . Limits are set on

the production cross section times branching ratio of such resonances.
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Most of the measurements of the Higgs boson properties reported in this thesis are limited by
statistical uncertainties. With about 100 fb=! of pp collision data to be collected in the ongoing
LHC Run 2, better precision on the Higgs boson properties measurements will be achieved. The

searches conducted at high mass will also lead to more solid understanding of physics at TeV scale.
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APPENDIX
Coupling modifiers

Following the LO tree level motivated framework (x-framework) recommended in Reference [|16]],
measurements of coupling scale factors are implemented in the coupling studies detailed in Sec-

tion[10.3] This framework is based on the assumptions below.

e The signals observed in the different search channels originate from a single narrow res-
onance. The case of several, possibly overlapping, resonances in the signal region is not

considered.

e The width of the assumed Higgs boson is neglected; i.e. the zero-width approximation is
used. Hence the product o x BR(1 — H — f) can be decomposed in the following way for

all channels:
;- Ff
Iy ’

where o; is the production cross section through the initial state 4, I'; the partial decay width

oxBR(i—H —f) =

(A.1)

into the final state f and ['y the total width of the Higgs boson.

e Only modifications of couplings strengths, i.e. of absolute values of couplings, are taken into
account, while the tensor structure of the couplings is assumed to be the same as in the SM.

This means in particular that the observed state is assumed to be a CP-even scalar as in the

SM.

The LO-motivated coupling scale factors x; are defined in such a way that the cross section
o; and the partial decay width I'; associated with the SM particle j scale with the factor /{? when
compared to the corresponding SM prediction. The effective scale factors x, and r, for the loop-
induced processes H — 7~ and ggF can be treated as a function of more fundamental coupling

scale factors ky, Ky, Kp, and similarly for all the other particles that contribute to these SM loop
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processes. In such cases, the scaled fundamental couplings are propagated through the loop calcu-

lations, including all interference effects, using the functional form derived from the SM.

Considering only SM particles, to a very good approximation, the typical expressions for Higgs

boson production with my = 125.09 GeV are:

OggF
OVBF
OWH/ZH
OtiH /bbH
OtHgb

OtHW

1.06 - 52 + 0.01 - K7 — 0.07 - Ky,
0.74 - k3, + 0.26 - K%,

’f%/V/Za

"ﬂ?/zn

3.40 - k2 + 3.56 - K3y — 5.96 - Ky,

1.84 - K7 + 1.57 - K3y — 2.41 - Kk,

For Higgs boson decay partial and total widths, the expressions are:

2
Uwwyzz ~ Kw)zs

- 2
FTT/bb//ffpf ~ Kb/

I, ~ 159-kj 4+ 0.07 K] — 0.66 - kyyke,

Ty ~ 057k +0.22- K53 +

0.09 - K2 +0.06 - k7 4 0.03 - k5 + 0.03 - 2 +

0.0023 - k5 + 0.0016 - K7, + 0.0001 - &3 + 0.00022 -

(A.2)
(A.3)
(A.4)
(A.5)
(A.6)
(A.7)

(A.8)

(A9)
(A.10)

(A.11)

k2. (A.12)
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