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Abstract

In July 2012, a Higgs boson was discovered by both the ATLAS and CMS experi-
ments. This thesis presents the most recent version of the H — v analysis that was
used in the discovery. Since the discovery, focus has shifted to measure the properties
of the Higgs boson. The analysis presented here is the analysis of the Higgs couplings,
where events are divided into twelve categories defined to isolate the various produc-
tion processes. Specific focus is given to the vector boson fusion (VBF) process where
the Higgs boson is produced in association with two foward/backward jets. Due to
its small theory errors, the VBF process can allow for very precise measurements of
the Higgs boson’s properties. Also presented are the first differential cross section
measurements for the Higgs boson as measured in the diphoton decay channel. Dis-
tributions in data are unfolded to particle level and compared with the latest Monte
Carlo event generators for gluon-gluon fusion. Many distributions concentrate on the
kinematics of the Higgs boson produced in association with jets. Finally, a proposal
for a 1-jet VBF region for the high-luminosity LHC is proposed based on the dif-
ference in rapidity between the Higgs boson and the leading jet. This region shows
good discrimination power against gluon-gluon fusion events and has been shown to

discriminate against beyond the Standard Model couplings.
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Chapter 1

Introduction

1.1 Standard Model

The Standard Model of particle physics is a well established theory describing three of
the four fundamental forces of nature: the electromagnetic, weak, and strong forces.

It is based on the symmetry group SU(3)c x SU(2), x U(1)y.

1.1.1 Elementary Particles

There are two different types of fundamental particles in the Standard Model: fermions,
which constitute all the observed matter, and bosons, which mediate the interactions
between particles. Fermions are spin % particles which have three generations of par-
ticles, each more massive than the previous. They can be further broken down into
particles that feel the strong force, quarks, and those which do not, leptons. The
charged leptons are the electron (e), the muon (u), and the tau (7) each with an elec-
tric charge of -1. Each of these generations also has a corresponding neutral lepton
called a neutrino: (v, v,,v,;). Quarks also have two particles per generation, called

the ‘up-type’ and ‘down-type’ quarks. The up-type quarks consist of the up, charm,



and top quark, each of which has an electric charge of —|—§. Down-type quarks consist

of the down, strange, and bottom quarks, each with an electric charge of —%. All
fermions are summarized in their respective generations in Fig. 1.1.

Generations
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Figure 1.1: The three generations of fermions divided into quarks and leptons.

Bosons are particles of integer spin that mediate the electromagnetic, weak, and
strong forces. The massless photon is the boson associated with the electromag-
netic force and therefore couples to particles with electric charge. The weak force is
mediated by three massive vector bosons, the W= and the Z bosons.

Another massless boson, the gluon, is the mediator of the strong force. The gluon
couples to particles with non-zero color quantum numbers, or color charge. Of the
fermions, only the quarks carry color charge, which can be R (red), G (green), or B
(blue). The gluons themselves also carry color charge and can therefore interact with
each other. There are eight gluons, each with a different combination of color and

anti-color (R, G, or B).



1.1.2 Quantum Chromodynamics

Quantum ChromoDynamics (QCD) is the theory of the strong force and is described
by the SU(3)c group, where C' is color charge. The strong force is quantified by
the coupling constant ag, which is a running coupling constant, meaning that the
strength of the strong force coupling depends on the energy of the interaction. At
high energies, the strong force weakens until it reaches asymptotic freedom. This
is the ultra high energy regime where the strong coupling becomes so small that
particles become essentially non-interacting via the strong force. At the other end
of the spectrum, at low energies, the coupling becomes very strong and QCD can
no longer be perturbatively calculated. This leads to the phenomenon known as
confinement. Confinement describes the behavior of quarks in the presence of the
strong force, and explains why quarks are never directly detected. At this low energy
regime, the quarks begin forming bound states called hadrons, and they combine in
such a way that the hadron is colorless, meaning there is no residual color charge
associated with the hadron. Hadrons can be mesons which contain two quarks, one
with color charge and one with anti-color charge. An example would be the 7+ which
consists of an up quark and an anti-down quark and can have the color combinations
of RR, GG, or BB. Hadrons can also be baryons which are made up of three quarks.
A common example is the proton which consists of two up quarks and a down quark.
A baryon will have all three colors: RBG or RBG so that the resultant baryon is

then colorless.

1.1.3 ElectroWeak Theory

Electroweak theory is the theory of the unified electromagnetic and weak interactions

as described by the SU(2), x U(1)y symmetry. Y is the hypercharge of a particle



and is calculated by
Y =2(Q - ) (1)

where ( is the electric charge and I? is the third component of weak isospin of the
particle. The L denotes the fact that the weak force only interacts with left handed

(negative chirality) particles. Chirality is defined using the 7 operator:

Y = %(1 - 75)¢

2 (1.2)
vr=501+ V)Y

Fermions can be either left handed or right handed where left handed fermions are
weak isospin doublets and interact with the weak force, and right handed fermions
are singlets which do not interact with the weak force.

While the photon, the mediator of the electromagnetic force, is known to be
massless, the W and Z bosons, mediators of the weak force, are known to be massive.
However, introducing mass terms into the Standard Model Lagrangian destroys the
SU(2)r x U(1)y gauge invariance, thus electroweak symmetry must be broken in a
way to allow the W and Z boson to have mass while keeping the photon massless.
This is the subject of the next section where the Higgs mechanism is introduced as

the method for electroweak symmetry breaking.

1.2 ElectroWeak Symmetry Breaking

The theory of spontaneous symmetry breaking comes originally from the field of
condensed matter physics, Refs [1, 2], where it was shown that a non-zero ground
state is possible. Because the ground-state is no longer at zero, the symmetry is said

to be spontaneously broken.



The idea of spontaneous symmetry breaking was applied to quantum field theory
by Nambu and Goldstone in the 1960’s [3, 4, 5].
As a simple example of spontaneous symmetry breaking, a scalar field, ¢, in a

simple potential, V' is considered. The Lagrangian for such a case is

£= 10,00 - V(0) (13)

where the potential V' is defined as
V(p) = Log + 1>\ 4 1.4
(¢) 2# ¢ 1 ¢ (1.4)

The self-coupling term, A\, must be positive, but the mass term, u?, can be chosen as
positive or negative. For the case where y? >0, the minimum of the potential will be
at 0. However, if the mass term is chosen to be negative, p? <0, then the minimum
is no longer located at 0. Two minima are now present, as shown in Fig. 1.2, and the
field develops a vacuum expectation value: ¢2 = —“—j = v?, where %o is the vacuum
expectation value, or vev.

Now the Lagrangian should be rewritten to reflect that the minimum is no longer

at 0. To do this, the field is expanded around the minima:
dp=v+¢. (1.5)
The Lagrangian is now written as

E — % H¢/ay¢/ o (_M2)¢/2 o /_Iu2>\¢/3 o 2¢/4 4 const. (16)



p? <0 +v

Figure 1.2: Potential of the scalar field, ¢, for the case where u? <0. In this case,
the field develops two minima centered around the vacuum expectation value, +wv.
Figure is from Ref. [6].

where the scalar field ¢’ now has mass My = \/—2p2.

It was proposed by Nambu and Goldstone [4, 7, 8, 5, 9], that the breaking of
a continuous symmetry will lead to the introduction of massless scalar bosons: one
boson for each symmetry broken. Further work done by Brout and Englert [10],
Higgs [11, 12], and Guralnik, Hagen, and Kibble [13] showed that in theories which
also require local gauge invariance, a gauge transformation can be done where three of
the massless Goldstone bosons are no longer present in the Lagrangian, but instead
get absorbed into the gauge bosons as a third degree of freedom, a longitudinal
polarization, giving them mass. The fourth massless Goldstone boson becomes a real
massive scalar particle, known today as the Higgs boson. In this gauge, only physical
particles are present, and one new particle, the Higgs boson, has been introduced as
a consequence of spontaneous symmetry breaking.

In the Standard Model, electroweak symmetry breaking is a spontaneous sym-

metry breaking, where the Goldstone bosons become the longitudinal polarizations



of the W* and Z gauge bosons. The same formalism presented previously can now
be applied to electroweak symmetry breaking; however, three degrees of freedom are
needed to form the longitudinal polarizations of the vector gauge bosons, so the scalar

field is now a complex scalar doublet
¢+) 1 (¢1 - i¢2)
o = = — , 1.7
(%)= wo i (1)

and the Lagrangian becomes

L = (D"®)'(D,®) — V() (1.8)

where the potential, V(®), now has the form

pAOTD + A(DTD)?. (1.9)

As before, 12 is taken to be less than 0 and ) is positive. With electroweak symmetry
breaking, the vector bosons need to be massive while keeping the photon massless.
In order to maintain the U(1)ggp symmetry, only the neutral component, ¢3 should
receive a vacuum expectation value (vev). The potential then has minima at ¢3¢ =

Ve, or &y = \/Li(g) The corresponding vev is then v = /7. As before, the

field is now rewritten to take into account the vacuum expectation value of the neutral

component.

_ b ¢1 — g2
b = 2((¢g+v)—i¢4>' (1.10)



It is possible to apply a Gauge transformation to this scalar field, so that it is written

in the unitary gauge,

@:%(Uf%). (1.11)

With the introduction of the complex scalar doublet, four new degrees of freedom
were introduced. In the unitary gauge, only one degree of freedom, ¢%, which is rec-
ognized as the Higgs field, is associated with the scalar field. With the transformation,
the physical W* and Z bosons each acquire a new degree of freedom, which is the
longitudinal polarization. The three massless fields that were previously introduced,
(¢1, @2, P4), were non-physical Goldstone bosons, and they are said to be ‘eaten’ by
the W+ and Z bosons.

In order for this new scalar field to be compatible with observations and the
Standard Model, the vacuum expectation value must be fixed by the Fermi constant,

Gr, which gives the scale of electroweak symmetry breaking,

v = (V2Gp)"* = 246GeV. (1.12)

The Higgs boson mass can then be related to both the vev and the self-coupling

parameter A,

M3 = 2)\0°. (1.13)

Because the Higgs field couples to massive particles, the particle masses enter directly



into the coupling strengths, as does the vev. Table 1.1 shows the couplings of the
Higgs boson to Standard Model particles as well as the self-couplings of the Higgs
boson. No fermion mass terms enter directly into the Standard Model Lagrangian
due to gauge invariance requirements. Instead, fermions are expected to acquire mass
through the Yukawa interactions with the Higgs field,

— N (50) DL, (1.14)

Here ® is the same ® from Eq. 1.11.
Couplings to fermions are proportional to the fermion mass, and couplings to
vector bosons are proportional to the square of the boson mass. This implies that

the more massive a particle, the greater its coupling to the Higgs boson.

Interaction Coupling

Hff =L
HVV 2y
HHVV 2
HHH Kl
HHHH 27

v

Table 1.1: Higgs boson couplings to Standard Model particles and Higgs boson self-
couplings. v is the vacuum expectation value, f are fermions, and V are the vector
bosons W* and Z.

1.3 The Higgs Boson

This section summarizes the main processes that produce the Higgs boson at the LHC

as well as the many decay channels that are available to a Higgs boson depending on
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its mass. The final portion of this section is dedicated to the history of the searches

for the Higgs boson and the July 2012 discovery of the Higgs boson at the LHC.

1.3.1 Higgs Boson Production

At the LHC, the Higgs boson can be produced through five main production processes:
gluon-gluon fusion (ggF), vector boson fusion (VBF), associated production with a
weak boson (WH and ZH), and associated production with two top quarks (ttH).
The cross sections for the different production processes as a function of the Higgs
boson mass are shown in Fig. 1.3.

The dominant production process is the ggF process, where the interaction is
initiated by two gluons and the Higgs boson is produced via a heavy quark loop. The
leading order (LO) Feynman diagram for this process is shown in Fig. 1.4. Higgs
boson production via ggF accounts for the majority of the Higgs boson production
at the LHC, and therefore, an observation of a Standard Model-like Higgs boson
is proof of the ggF process, and also indirect proof of the Higgs boson coupling
to fermions. The diagrams shown in Fig. 1.4 are at LO, but in the case of the
ggF production, this is not an accurate description. The perturbative series of the
production cross section does not nicely converge, and the contributions from the NLO
and higher diagrams are needed. Contributions from the NLO in QCD corrections
were calculated in Refs. [14, 15, 16, 17] and shown to increase the cross section by
~60% while NNLO contributions are still on the order of ~20-30% [18, 19, 20]. This
leads to large theoretical uncertainties for the ggF process, especially when selecting
on jet multiplicities, which require higher order calculations.

The second largest contribution to the Higgs boson production is the VBF process.
This process is initiated by a quark-quark interaction, which produce weak bosons.

These bosons then interact to create the Higgs boson. The VBF topology includes the
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Figure 1.3: Higgs boson production process cross sections as a function of the Higgs
boson mass [21]. Individual cross sections (left) are calculated at 8 TeV. Total cross
sections (right) are for different center of mass energies.

b4 e -- H

g

Figure 1.4: Feynman diagram for the ggF production mechanism of the Higgs bo-
son [21].

production of a Higgs boson along with two jets in the forward/backward directions,
and a lack of QCD activity between the two jets. Observing the VBF production
provides information as to the couplings of the Higgs boson to the electro-weak bosons,
W and Z. The diagrams for the VBF production process are shown in Fig. 1.5. Unlike
the ggF' production, the size of the QCD and EW corrections to the VBF process are
small.

The next largest contributions are from the production of a Higgs boson in associ-

ation with a weak boson: the W H and ZH production processes. The V H processes
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Figure 1.5: Feynman diagrams for the VBF production mechanism of the Higgs
boson [21].

are mostly initiated by quark-antiquark pairs, where the W or Z radiates a Higgs
boson. Diagrams for these processes and the case where a Z boson and a Higgs boson
are produced via a heavy quark loop are shown in Fig. 1.6. These processes will re-
sult in events with either two jets in the final state with an invariant mass consistent
with either a W or Z boson, or at least one lepton. These types of topologies are
easily identified in detectors, and in particular, the ZH process where the Z decays
leptonically is especially important for observing the cases where the Higgs boson

decays into bb pairs.

d/u

e
o
\

\
jus)

u/d

Figure 1.6: Feynman diagrams for the W H and ZH production mechanisms of the
Higgs boson [21].

The smallest contribution of the five main production processes is that of the tt H
process. Here the Higgs boson is produced in association with a top-antitop quark
pair. These events are characterized by the decay products of the top quarks and

will be seen in detectors as Higgs boson events with large jet multiplicities. Feynman
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diagrams for this process are shown in Fig. 1.7.

q t g vooooy———1%
---H

TO00 : H

q t g ooooo t

Figure 1.7: Feynman diagrams for the t¢tH production mechanism of the Higgs bo-
son [21].

1.3.2 Decay of the Higgs Boson

The probability that a particle will decay into a particular set of final-state particles
is called the partial decay width (I';) and is dependent on the couplings between the
initial and final state particles. Branching ratios are the fraction of times a particle

decays into a specific set of particles and are defined as

B; = (1.15)

where I'y is the full decay width of the Higgs boson.

The Higgs boson has many decay channels whose partial widths depend on the
Higgs boson mass. Fig. 1.8 shows these branching ratios as a function of the Higgs
boson mass.

The partial width for decays into WW and ZZ can be written as [22, 23, 24]

_ NCGFm%

r
v 8/ 27

B ([3m 4 1727;‘@) (1.16)

H

where
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atm) = (1 4”’?)5 (117)

and the factor No = 2 for WW and Ng = 1 for ZZ on account of the W boson being
charged.
For fermions, the partial width can be written as [25, 26]

S 5(m ) (1.18)

I'r=N,
where the QCD color factor N, = 3 for quarks and N. = 1 for leptons.

For lower mass Higgs bosons (my <130 GeV), the bb decay channel is the dom-
inant decay. This is due to both the heavy mass of the b quark and the color factor
(C,, =3) from the possible color quantum numbers. For higher mass Higgs bosons, the
WW and ZZ decay channels are favored. This is due to the V'V partial decay width

being proportional to m3; while the ff partial decay width has a my dependence.

Higgs BR + Total Uncert

[
/

100 200 300 500 1000
M, [GeV]

Figure 1.8: Higgs boson branching ratios (left) and total decay width (right) as a
function of the Higgs boson mass [21].
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The diphoton decay has a very small branching ratio (~2x1073) within the Higgs
boson mass range of 110< my <160 GeV. This is one of three decays (gg, Vv, Z7)
which proceed through a loop, due to the decay products being massless and therefore
not coupling directly to the Higgs boson. For the diphoton decay channel, the loop
particles must be massive charged particles. Therefore, the loop proceeds through W
bosons and top quarks. The Feynman diagram for the diphoton decay is shown in
Fig. 1.9. Despite the small branching ratio, the diphoton decay channel is particularly
important for the discovery of the Higgs boson. The diphoton system will create a
narrow resonance on top of a smooth background distribution, which allows for very

good signal to background ratios.

v it % v

v it v

Figure 1.9: Feynman diagram for the Higgs boson decay to diphotons [27]. The decay
is a loop induced process of W bosons and top quarks.

1.3.3 History and Discovery

As was shown in Secs. 1.3.1 and 1.3.2, the production and decay of the Higgs boson
is known as a function of the Higgs mass. This is because all of the couplings of
the Higgs boson to Standard Model particles are completely determined by fermion
masses and coupling constants. The one unknown parameter from theory is the Higgs
boson mass.

Before experiments were able to directly search for the Higgs boson, precision

electro-weak measurements pointed to preferred mass ranges of a Higgs boson. Here
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the Higgs boson contributes to the radiative corrections to weak bosons as shown in
Fig. 1.10. By fitting to EW High-Q? observables such as the mass of the W and Z
bosons, the mass of the top quark, the width of the W boson, the Fermi coupling
constant, and the weak mixing angle, constraints can be placed on the Higgs boson
mass. A fit to the precision electro-weak measurements showed a favored Higgs
boson mass of 941737 GeV with a 95% confidence level (C.L.) upper bound of my <
152 GeV as shown in Fig. 1.10. While this fitted Higgs boson mass is in the region

later excluded by direct searches, it does motivate the direct searches to look for a

lighter mass Higgs boson.

Figure 1.10: The Higgs contribution to the radiative corrections of the W or Z bosons.

Prior to the LHC, an experiment called the Large Electron Positron collider
(LEP) [29, 30] was searching for the Higgs boson. This experiment, per its name,
collided electrons and positrons at center of mass energies between 189 and 209 GeV.
In this collider, the production of a Higgs boson in association with a Z boson was the
primary process. LEP ran from 1989 until 2000 and set an experimental lower bound
on the mass of the Higgs boson at 114.4 GeV at 95% C.L. as shown in Fig. 1.12.

The search was then carried out at the Tevatron Collider [31], where protons and
antiprotons were collided at a center of mass energy of 1.96 TeV. At the Tevatron,
the most important production modes are the ggF and the Higgs boson production

in association with a weak boson. The greatest sensitivity is from the H — bb
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Figure 1.11: The Ax? vs. my curve from LEP [28]. The solid line is from the fit of
all high-Q)? data while the band is the theoretical error. The shaded regions show the
exclusion limits from all direct searches (LEP+Tevatron+LHC).

and H — WIW decay channels. Previous to the start of the LHC, the Tevatron
experiments were able to exclude a Higgs mass with 162 GeV< mpy <166 GeV [32].
With the most recent results shown in Fig. 1.13, the Tevatron was able to exclude a
Higgs boson in two mass regions: 100< mpy <103 GeV and 147< mpy <180 GeV at
95% C.L.

Beginning in 2010, the LHC began running collisions at a center of mass energy of
3.5 TeV. This was then increased to 7 TeV in 2011 and to 8 TeV in 2012. On July 4
of 2012, both multipurpose experiments at the LHC (ATLAS and CMS) announced
independent discoveries of a Higgs-like boson at a mass around 125 GeV [33, 34]
using data from 2011 (7 TeV) and 2012 (8 TeV). Figure 1.14 shows the po-values,
the probability for the results to be generated by background-only processes, for each

experiment; the ATLAS signal had local and global significances, the level of rejection
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Figure 1.12: The final combined exclusion results of all experiments at LEP. The
dashed line represents the expected results for a Standard Model Higgs boson, and
the solid black line represents the observed limit. The limit at 95% C.L. is 114.4 GeV
while the 68% C.L. limit is 115.3 GeV [29].
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Figure 1.13: The final combined exclusion results of experiments at the Tevatron.
The dashed line represents the expected results for a Standard Model Higgs boson,
and the solid black line represents the observed limit [31].
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of the background-only hypothesis, of 5.9 ¢ and 5.1 o respectively, while the CMS
signal had local and global significances of 5.0 ¢ and 4.6 o respectively. Five decay
channels were analyzed, vy, ZZ, WW, bb, and 77, but most of the sensitivity came
from the vy and ZZ channels. At the time, while the overall signal strength was

compatible with the expected Standard Model rates, both experiments observed an

Nobs

= gt > 1) over the Standard Model in the 77 decay channel as

excess rate (
can be seen in Fig. 1.15. Now that the Higgs boson has been discovered, analyses
are underway to accurately measure its properties such as its mass and couplings

to determine whether the newly discovered Higgs boson is the Higgs boson of the
Standard Model.
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Figure 1.14: pg-values for the discovery of the Higgs boson using the ATLAS (left) and
CMS (right) detectors. Both experiments measured a significance of >5 o. Results
shown here are from the discovery papers published in 2012 [33, 34].
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Chapter 2

ATLAS Detector

2.1 LHC Machine

2.1.1 LHC Overview

The Large Hadron Collider (LHC) [35] is mainly a proton-proton collider located at
the border of France and Switzerland. It is housed in a circular tunnel, previously
used for LEP, which is 26.7 km in circumference and sits 45-170 m below the surface of
the earth. The LHC has an initial design center-of-mass energy, or /s, of 14 TeV and

2571, Tt has also been designed to accelerate heavy ions

a design luminosity of 10** cm™
of lead with /s =5.5 TeV at a peak luminosity of 10" cm~?s™!. Because it accelerates
particles with the same charge in both beams, the LHC has two separate beam pipes
contained within a single magnet, which only come together at the interaction points.
These beam pipes are contained within a vacuum of 107!° to 10~'* mbar, which is
the equivalent of 3 million molecules per cm?.

The LHC uses a series of superconducting Niobium-Titanium (NbTi) magnets

to focus the beams and direct them along the beam pipe. There are 1232 dipole

and 392 quadrupole magnets in the LHC. The main dipoles are 14.3 m in length.
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These magnets are cooled to 1.9 K using superfluid helium and operate at 8.33 T
(7 TeV center-of-mass). While the beam pipes are separate, they share both the
same mechanical structure and cryostat within the magnets, utilizing the ”twin-bore”
design.

Protons are injected into the LHC through the following injection chain: Linac2
which strips the hydrogen atoms of their electrons and accelerates them to 50 MeV,
Proton Synchrotron Booster (PSB) which accelerates them to 1.4 GeV, Proton Syn-
chrotron (PS) which accelerates them to 26 GeV, Super Proton Synchrotron (SPS)
which accelerates them to 450 GeV. They are then injected into the LHC where the
protons are accelerated to the desired center of mass energy before collisions begin.

An image of the injection chain for the LHC is given in Fig. 2.1.

The LHC injection complex

LHC7TeV p-p
SS

SPS (450 GeV)

EP

LIL ¢* ¢  LINACS

umul
Protons Tons (LEAR)
50 MeV LINACS CERN AC - HF 208

Figure 2.1: The LHC injection chain: Linac2, PSB, PS, SPS, LHC.

Protons are accelerated around the beam pipe using a series of superconducting
RF cavities which operate at 400 MHz. The LHC operates with 1380 bunches with
50 ns spacing, where each bunch has 1.7 x 10! protons. A 3 us abort gap is left with

unoccupied bunches to allow for beam dump. The LHC was designed to accommodate
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25 ns spacing, allowing for 2808 bunches; however, it was operated with 50 ns for
running so far.

There are four main detectors housed around the LHC ring.

e There are two high luminosity general purpose detectors, ATLAS (A Toroidal
LHC ApparatuS) [36] and CMS (Compact Muon Solenoid) [37]. Both these

experiments work towards precision measurements and searches for new physics.

e ALICE (A Large Ion Collider Experiment) [38] is a dedicated heavy ion detector,

which focuses on QCD measurements.

e LHCb (Large Hadron Collider beauty) [39] is a lower luminosity experiment

which is dedicated to studying B-physics.

e TOTEM (TOTal Elastic and diffractive cross section Measurement) [40] which
measures the interaction cross section of the protons at the LHC and also probes

the structure of the proton.

2.1.2 LHC Running

Construction was finished on the LHC in mid 2008, and the first injection test oc-
curred in August 2008. On the 10th of August that same year, the first beams circled
through the LHC. However, nine days later, a quench occurred in one of the bus-
bars between magnets which went undetected at first. An arc occurred, heating the
helium and causing it to boil. This released a large amount of pressure and caused
the magnet stands to break. This delayed the LHC for over a year. Beams were
running again in November of 2009, and the first LHC collisions at 3.5 TeV occurred
in March of 2010 with a bunch spacing of 150 ns. In 2011, the LHC began running

with a center-of-mass energy of 7 TeV with 50 ns bunch spacing, and in 2012, the
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energy was increased to 8 TeV. The LHC reached a peak luminosity of 3.7 x 1033
em~2s7!in 2011, and in 2012, a luminosity of 7.7 x 103 cm~2s~! was reached. The
integrated luminosity delivered by the LHC for 2011 was 5.46 fb~! and in 2012 it was
22.8 fb~!. Proton-proton collisions were ceased at the end of 2012, and a technical
stop began in 2013 after heavy ion running. Work has been ongoing to consolidate
the LHC and the detectors, and collisions are expected to begin in 2015 at a nominal
center-of-mass energy of 13 TeV, possibly with 25 ns bunch spacing. The LHC is
scheduled to continue running until a second technical stop beginning in 2018, af-
ter which the LHC will run again at twice the previous luminosity. A third long
shutdown is scheduled for around 2022-2023 where large upgrades will be made to
the LHC machine and detectors. After this shutdown, the LHC will be renamed the
High-Luminosity LHC (HL-LHC) and is expected to provide 3000 fb~! over a decade

of running [41].

2.2 The ATLAS Detector

The ATLAS detector is one of the two high luminosity general purpose detectors
located at the LHC. It is 44 m in length, 25 m in height, and weighs 7000 tonnes.
Its layout and subsystems are shown in Fig. 2.2. The ATLAS detector has four
main subsystems: the Inner Detector, the Electromagnetic Calorimeter, the Hadronic
Calorimeter, and the Muon Spectrometer. A 2 T solenoidal magnetic field encloses
the inner detector, which is used for particle identification, vertex measurements,
and particle momentum measurements. The electromagnetic calorimeter is a liquid-
argon (LAr) sampling calorimeter, and the hadronic calorimeter, or Tile calorimeter,
is a sampling calorimeter composed of plastic scintillator tiles and steel plates. The

outermost section of the detector is the muon spectrometer which, in conjunction with
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three large toroidal magnets, provides very good muon momentum measurements
through tracking. The subsystems directly used in the Higgs boson to diphotons
analysis are discussed in greater detail in this chapter, namely the inner detector and
the EM and Tile calorimeters.

The coordinate system used in ATLAS defines the origin as the interaction point
within the detector and the z direction is along the beamline. Going around the beam
axis is ¢ or the azimuthal angle. The polar angle, or  is measured from the beamline;

however it is rarely used within the experiment. Instead, the pseudorapidity, 7,

defined as

et o (2)) o

is used. This quantity is not Lorentz-invariant, so for analyses which specialize in

massive objects the rapidity, y, defined as
1
y= 5[ +p:)/(E—p:)] (2.2)

is used. For massless particles, the pseudorapidity is equal to the rapidity. Quantities
measured transverse to the beamline, such as transverse momentum, pr, transverse
energy, Er, and missing transverse energy, E7* are measured in the z — y plane,
where z is pointing radially towards the center of the collider ring. Oftentimes, it
helps to define the distance between two different objects in the detector. For this,

the distance AR is given in pseudorapidity and azimuthal angle space and defined as

AR = /Ap® + Ag? (2.3)
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Figure 2.2: The ATLAS detector and its subsystems.

The ATLAS detector had very high data taking efficiencies (~94%) in both 2011
and 2012, as can be shown in Fig. 2.3. In addition, the efficiency for runs to be
considered 'good’, meaning all detector subsystems were on and functioning correctly,

was also very high (~90% in 2011 and ~95% in 2012).

2.2.1 Inner Detector

The Inner Detector is the closest component to the beam line and is entirely enclosed
in a solenoid generating a 2 T magnetic field. This magnetic field bends the trajectory
of charged particles allowing for particle identification and momentum measurements.
In addition, the excellent tracking performance of the inner detector allows for very

precise vertex measurements. Resolution within the inner detector is
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Figure 2.3: The cumulative delivered and recorded integrated luminosity by day for
7 TeV (2011) and 8 TeV (2012) collisions for the ATLAS experiment. In blue is the
integrated luminosity deemed 'good’ for physics analyses at ATLAS [42].

et — 0.05% x pr + 1%. (2.4)
pr

The inner detector is comprised of three main components: the pixel detector, the
silicon microstrip layer (SCT), and the transition radiation tracker (TRT). The layout

of the inner detector and its three subdetector systems is shown in Fig. 2.4.

R =1082 mm

SCT

R=122.5mm) — e Pixels
Pixels { R = 88.5 mm -
R=50.5mm

R=0mm

B End-cap semiconductor fracker

Figure 2.4: Diagrams of the ATLAS Inner Detector and its three components: Pixel,
SCT, and TRT.
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2.2.2 Pixel Detector

The innermost subsystem is the pixel detector, which covers the region |n| <2.5. Tt
is composed of 1744 silicon pixel sensors with dimensions 19 mm x 63 mm and a
thickness of 250 pm. Each pixel sensor uses oxygenated n-type double sided wafers
and contains 47232 pixels. The pixel sensors are arranged in three cylindrical lay-
ers in the barrel at radii of 50.5 mm, 88.5 mm, and 122.5 mm from the beamline.
The innermost layer is called the ‘B-layer’, and it is particularly important for re-
constructing secondary vertices and tagging b-quark jets. In each endcap, there is
again three layers of pixel detectors; however, they are arranged in disks oriented
perpendicular to the beamline. These are placed at 495 mm, 580 mm, and 650 mm

from the interaction point.

2.2.3 SCT Detector

The second inner detector layer is the SCT detector, which is comprised of silicon
microstrips. SCT sensors are one-sided, unlike the pixel detector, and are made with
p-in-n strips. There are 15912 SCT sensors in ATLAS, which consist of 768 active
strips each. Two sensors are daisy-chained together, while the strips have a pitch of
80um. The sensors are in stereo with two sensors on the top and two sensors on the
bottom of the barrel SCT modules. The SCT detector is arranged in four concentric
cylinders in the barrel at radii of 299 mm, 371 mm, 443 mm, and 514 mm. Within
each endcap region, the SCT detector has 9 disks oriented perpendicular to the beam
line. These reach as far out as 2720.2 mm from the interaction point, covering the

region |n| <2.5.
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2.2.4 TRT Detector

The last layer of the inner detector is the TRT detector, which is composed of poly-
imide drift tubes with diameters of 4 mm. The outer walls act as a cathode, while in
the center of each tube are tungsten wires plated with gold which are kept at ground
potential and act as the anode. Within the tube, a gas mixture of 70% Xe, 27% COs,
and 3% O, is maintained. This gas mixture is ionized by charged particles passing
through it, and the corresponding electrons will be gathered at the anode providing
a signal current. The gas mixture is retained within the tubes by encasing them in
CO4. This envelope of CO4 also helps with the dissipation of heat from the straw
tubes.

The TRT also relies on transition radiation, where charged particles which pass
between media with different dielectric constants will emit radiation. Therefore, the
tubes are covered by a layer of polypropylene/polyethylene fibers. Because the energy
of the transition radiation is dependent on the mass of the incident particle, the TRT
detector can also be used to identify electrons.

In the barrel, the TRT is arranged into three rings with 32 modules each; the last
layer extends to a radius of 1082 mm from the beam pipe. The straws in the barrel
section run parallel to the beampipe. Each endcap has two sets of wheels; the layer
closest to the interaction point has twelve wheels, each with eight layers, while the
farther set has eight wheels, also each with eight layers. The TRT endcaps extend
to 2710 mm in length along the beamline, and the straw tubes are oriented outward
radially from the beampipe. There are a total of 298,304 straw tubes within the TRT
detector.

The full amount of material a particle passes through from the inner detector and
all its support material is shown in terms of radiation lengths in Fig. 2.5. Each track

is expected on average to have 3 pixel hits, 8 SCT hits, and 36 TRT hits.
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Figure 2.5: The radiation lengths of material comprised in the inner detector including
all subsystems and support systems broken down by n and averaged over ¢.

2.2.5 ElectroMagnetic Calorimeter

Outside the inner detector and its solenoid is the electromagnetic (EM) calorimeter,
which is used to distinguish between electrons and photons and to measure their en-
ergies. The EM calorimeter is made of an active material (liquid Argon, or LAr), and
an absorber material (lead). Within the LAr gap between absorbers is an electrode.
The drift gap on each side of the electrode is 2.1 mm corresponding to a drift time of
450 ns. The barrel region is divided into two sections with a separation of 4 mm at
the interaction point; each section is 3.2 m in length and extends from a radius of 2.8
m out to a radius of 4 m. This barrel region covers out to |n| <1.475 and consists of
2048 absorbers. There are two endcap sections of the EM calorimeter, which are each
separated into two wheels; the first covers the region 1.375< |n| <2.5, and the second
covers the region 2.5< |n| <3.2. The EM calorimeter uses an accordion geometry to
ensure full coverage through ¢ without any cracks and complete azimuthal symmetry.

Each module of the EM calorimeter is divided by depth into three layers of varying
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granularity. The innermost layer has the highest granularity (An x A¢ =0.025 x 0.2).
This ”strip” layer provides excellent position resolution and allows for good photon-
pion discrimination [43] by resolving the individual photon showers from pion decays.
This strip layer only covers out to |n| <2.37, so all analyses require photons to be
within this pseudorapidity region. The second layer is where the largest fraction of
energy is deposited within the EM calorimeter. Finally, the third layer is where the
least fraction of energy is deposited, and as such, it has much more coarse granularity
(An x A¢ =0.050 x 0.025). This third layer is used to correct the tails of high energy
showers in the EM calorimeter. These three layers and their proportions are shown
in Fig. 2.6. Directly before the innermost EM layer is a presampler. The presampler
is a thin 11mm thick separate layer of liquid-argon, which is used to correct for the
energy a particle loses within the material before the EM calorimeter.
The resolution of the EM calorimeter is

10%  300MeV
op _10%  ©0.7%. (2.5)

E-VE E

The first term is the stochastic term, which accounts for statistical fluctuations within
the shower development, dead material in front of the calorimeter, and sampling
fluctuations. The second term is the noise term, which accounts for pileup and
electronic noise fluctuations. This term becomes especially important for low energy
showers. The third term is the constant term, which describes effects coming from
nonuniformities within the detector, things such as temperature differences, radiation
damage, time stabilities, and material nonuniformity:.

In total, the EM calorimeter spans from 22 radiation lengths (X,) to 33 X, as
shown in Fig. 2.7. Note the increased amount of material in front of the EM calorime-

ter around |n| =1.5, the so-called ‘crack region’. This is due to cabling, inner detector
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Figure 2.6: Diagram of one module in the EM calorimeter. The granularity gets more
coarse with each layer.
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Figure 2.7: The radiation lengths before the EM calorimeter and for each layer of the
calorimeter shown as a function of |n|.
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services, and the end of the barrel cryostat. Photons in this region typically have much
worse resolution and efficiencies, so the fiducial cut of |n,| <1.37 OR |n,| >1.56 is

required.

2.2.6 Tile Calorimeter

Outside of the EM calorimeter is ATLAS’s hadronic calorimeter, or Tile Calorimeter.
The Tile calorimeter is also a sampling calorimeter, which uses plastic scintillator
tiles as its active material, and steel plates as its absorber. The Tile calorimeter
covers out to |n| <1.7 and has an outer radius of 4.25 m. The Tile calorimeter is
divided into four partitions: two long barrels and two extended barrels. The long
barrels extend out to |n| <1.0 and are 2.9 m in length, while the extended barrels
are from 0.8< |n| <1.7 and are 2.6 m in length. Each partition is further divided
into 64 modules, which are arranged azimuthally around the beam line. Wavelength
shifting fibers are attached to the side of each scintillator tile and are read out by
photomultiplier tubes (PMTs) at the edge of each Tile module as shown in Fig. 2.8.
Each module of the Tile calorimeter is divided in depth into cells with dimensions
An x A¢p =0.1 x 0.1 in the first two layers (cells A and B) and dimensions 0.2 x 0.1 in
the third and final layer (the D cells). A drawing of the segmentation for one module
is shown in Fig. 2.9.

The energy resolution for the Tile calorimeter is

OF . 50%

E  VE

@ 3%. (2.6)

The total thickness of the Tile calorimeter is 7.4 A. A schematic of the full ATLAS
detector material by |n| up to the beginning of the muon spectrometer is shown in

Fig. 2.10. The material is divided by depth for the Tile calorimeter.
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Figure 2.8: Drawing of a single Tile module and its array of alternating plastic
scintillators and steel plates. Also pictured are the wavelength-shifting fibers and the

PMTs which read them out.
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Figure 2.9: Drawing of the segmentation of a Tile module into A, B, C and D cells
The E cells shown correspond to the minimum-bias scintillators.
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Figure 2.10: Plot of interaction lengths(\) for the full amount of material up through
the Tile calorimeter presented as a function of |n|. The light blue region at the top of
the plot is the full amount of material up to right infront of the muon spectrometer.

2.2.7 Hadronic Endcap Calorimeter

The hadronic endcap calorimeter (HEC) is also a sampling calorimeter covering the
pseudorapidity range of 1.5< |n| <3.2. It is composed of liquid-argon acting as the
active material, and the absorber material is copper. The HEC has two wheels in
each endcap extending out to a radius of 2030 mm, and each wheel is further divided

into 32 modules.

2.2.8 Forward Calorimeter

The forward calorimeters (FCal) in the ATLAS detector cover the region 3.1< |n| <4.9,
and sit about 4.7 m from the interaction point. The FCal is also made of liquid-argon;
however, because of the expected high particle fluxes, the liquid-argon gaps are much
smaller than those in the barrel EM calorimeter. There are three sections of the FCal:
one EM module which sits closest to the interaction point, and two hadronic modules.
The EM module utilizes copper as an absorber while the two hadronic modules use

tungsten. A drawing of both the HEC and FCal is shown in Fig. 2.11.
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Hadronic end-cap calorimeter

Forward calorimeter

Electromagnetic end-cap calorimeter

Figure 2.11: Drawing of the EM and Hadronic end-cap calorimeters and the three
wheels of the Forward Calorimeter.

2.2.9 Muon Spectrometer

The ATLAS muon spectrometer is used for precision tracking and momentum mea-
surement of muons. It is the part of the ATLAS detector which sits the farthest from
the interaction point, and it covers the region out to |n| <2.7. Much like all the other
subsystems, the spectrometer is divided into a barrel region and two endcap regions.
The barrel region is composed of three cylindrical layers centered around the beam
pipe and extending to radii of 5 m, 7.5 m and 10 m. Here, muon tracks are bent
using the superconducting toroid magnets generating a field of 0.5 T. The endcaps
are composed of four wheels oriented perpendicular to the beam pipe. These extend
to 7.4 m, 10.8 m, 14 m, and 12.5 m from the interaction point. Two smaller end-
cap magnet wheels bend the muon tracks in the end-cap detectors with a magnetic
field of 1 T. The majority of the muon spectrometer is composed of monitored drift
tubes (MDTs) which contain a mixture of gas which is 93% Argon and 7% COs,.
The MDTs are maintained at a constant pressure of 3 bar. At the center of each

tube is a gold-plated tungsten-rhenium wire which acts as the anode and collects the
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ionized electrons from the gas. In the first layer of end-cap detectors, cathode strip
chambers (CSCs) are used instead of MDTs. These cover the region 2< |n| <2.7.
CSCs are multiwire proportional chambers and are arranged into two disks each with
eight chambers. They are designed to handle the higher particle fluxes. The design

resolution for the muon spectrometer is 10% for a track pr of 1 TeV.

2.2.10 ATLAS Trigger System

The ATLAS trigger system is divided into three levels: Level-1(L1), a hardware
based trigger, and Level-2(L.2) and the event filter(EF) which are both software based
triggers and together form the High-Level Trigger(HLT). The L1 trigger first looks
for hard objects or Ef**** based on information from a subset of the detector; muons
are identified just from the spectrometer, and calorimeter clusters are identified from
the full set of calorimeters. Using these objects, the L1 trigger defines a Region-of-
Interest (Rol), and sends along its coordinates to the L2 trigger. The L1 trigger’s
processing time is less than 2.5 ps, and it reduces the rate of information down to
75 kHz. While the L1 trigger uses very coarse information from the detectors, the
L2 trigger uses the full capabilities of all detectors just within the Rol, including the
inner detector. Here, the L2 trigger further reduces the rate of data to 3.5 kHz and
has an average processing time of 40 ms. The EF uses offline analysis on the fully
reconstructed events to reduce the rate to 200 Hz. Here, the processing time is about

4 s.
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Chapter 3

Signal Reconstruction in the Tile

Calorimeter

This chapter details the optimal filtering algorithm which is used to reconstruct sig-
nals in the Tile calorimeter. First, a brief overview of the electronics in the Tile
calorimeter is given followed by a review of the optimal filtering algorithm. Finally,
the studies which were carried out on the signal reconstruction behavior in the pres-

ence of pileup and the reconstruction of negative energies will be detailed.

3.1 Electronics of the Tile Calorimeter

The Tile calorimeter is composed of plastic scintillator plates (tiles) which produce
light when particles from the interaction pass through them. This light is then read
out by wavelength shifting fibers on either side of the modules and passed to the
photomultiplier tubes (PMTs). Two PMTs read out the signals, one for each side of
the module. Each PMT converts the light from the fibers to an analog signal where

it is then passed to a 3-in-1 card which shapes the signals. This shaping gets rid of
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fluctuations between signals so that every signal sent to the electronics has a uniform
shape. Signals are then sent through two separate amplifiers after which they are
sent to the digitizer. The digitizer then digitizes the signals every 25 ns, meaning it
samples the signal shape seven times in intervals of 25 ns.

The electronics described above are front-end electronics meaning they are located
directly on the detector. For the Tile calorimeter, these electronics are located in
removable drawers at the outer edges of each calorimeter module. Signals are then
transferred to the back-end electronics which are stored in a room which is separate
from the detector and therefore is a much lower radiation environment. Signals from
the front-end electronics are sent to the read-out driver (ROD) which has 8 input
links from the front-end electronics. Each ROD has 2 processing units (PU) each
of which has 2 digital signal processors (DSPs). The signal reconstruction using
optimal filtering is carried out in these DSPs. Signal reconstruction is limited by
the L1 Trigger, which outputs data at a rate of 100 kHz. Therefore, the signal
reconstruction has an upper limit of 10 us so as not to limit the rate of data taking.

A schematic of the signal processing is shown in Fig. 3.1.

3.2 Optimal Filtering Alogrithm

The energy of a Tile calorimeter cell is reconstructed online in the DSPs using the
optimal filtering algorithm. This algorithm relates the 7 samples from the digitizer
in a linear way using precomputed weights [45]. The optimal filtering algorithm
computes the amplitude (A) of the pulse, the phase (7) of the pulse, and the pedestal
(p). The amplitude is directly correlated with the energy deposited in the Tile cell
and is the difference in ADC counts between the peak of the signal pulse and the

pedestal. The pedestal is the noise level or baseline of the signal. Finally, the phase
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Figure 3.1: The Tile calorimeter electronics. Signals are read out by the optic fibers,
converted to analog signals via the PMTs and then digitized on the Mother-board.
They are then transferred to the RODs where signal reconstruction occurs [44].

is the timing difference between the peak of the signal pulse and the expected time
of the peak. A signal’s expected pulse time is taken from calibration runs and is
dependent on the flight time of particles and the length of the readout fibers for each
cell. The optimal filtering algorithm calculates these three values using the following

three summations:
7
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where a;, b;, and ¢; are the optimal filtering weights. A diagram of a signal pulse and

these three computed values is shown in Fig. 3.2.
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Figure 3.2: Signal pulse shape which is sampled 7 times (black dots) in the digi-
tizer. These samples are combined linearly with precomputed weights in the optimal

filtering algorithm to reconstruct the amplitude, phase, and pedestal [44].

The optimal filtering weights are computed using an auto-correlation matrix

(ACM) which makes use of Lagrange multipliers. Weights are computed using the

expected functional form of the signal, and are calculated by minimizing the variance

of the signal amplitudes. Equation 3.4 is the matrix equation used for calculating the

optimal filtering weights.
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The elements R;; are the ACM elements, ¢g; and g; are the functional form of the
signal shape and its derivative, and «, (3, v are Lagrange multipliers.

These weights are computed for different expected pulse times in steps of 0.1 ns
within the -75 ns to +75 ns timing window. Steps of 0.1 ns are used so that the timing
resolution of the Tile calorimeter (1 ns) is not dependent on the steps used for the
phase weights. In addition to these weight variations, three different versions of these
weights also have to be stored in the DSP. The signal shape is different depending on
whether the signals come from data runs, Laser calibration runs, or Charge Injection
System (CIS) runs. Therefore different sets of weights need to be stored for each of
these cases. These weights are stored in the ATLAS COOL conditions database [46].

The energy can then be calculated from the reconstructed amplitude by

Echannel =Ax C'ADC—>pC' X CpC’—>GeV X OCS X C’Lase7"~ (35)

Here C4pc—pc is the conversion factor from ADC counts to charge in pC. This coefi-
cient is determined using the CIS calibration runs where a known amount of charge is
injected into the detector electronics and the corresponding amplitude in ADC counts
for each channel is measured. Cpc_,cev is the conversion factor from charge to GeV
which was measured using testbeams for a subset of modules. These coefficients are
global but do have a layer dependence. The last two coefficients represent the non-
uniformities of channels and the non-linearities of the PMTs respectively. The Cgg
coefficient is measured using a radioactive Cesium source, *’C's in the calorimeter,
which calibrates the light yield from the scintillators and wavelength shifting fibers.
Non-linearities in the PMTs are measured in Laser calibration runs where light is

pointed at the PMTs and their responses are compared to their nominal response.
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A measure of the goodness of the reconstruction is also done by the optimal
filtering algorithm. This measure is called the Quality Factor (QF) and effectively
measures the difference between an expected pulse and the actual signal pulse. The

QF is defined as

7

QF =) (S — (Agi + Arg; +p))*. (3.6)

)

S; are the digitized samples, A, 7, and p are the reconstructed amplitude, phase and
pedestal, g; are samplings determined from the normalized functional form of the
pulse shape when it is at the same expected time, and g} are samplings from the

derivative of that same functional form.

3.3 Negative Reconstructed Energies

It was noticed during 2011 data taking, that some Tile calorimeter cells had negative
reconstructed energies. The spatial location of these negative signal cells was checked
for the entire 1 x ¢ region of the Tile calorimeter to ensure the negative signal cells are
not localized and therefore an issue arising from the detector itself. While there is no
isolated grouping of negative energy cells in the ¢ direction, as the energy threshold
becomes more negative, the cells along 17 ~ 1.2 have the highest occupancy. This 7
region corresponds to the ‘E’ cells (Fig. 2.9) which are the most susceptible to pileup
events. These spatial occupancy checks are shown in Fig. 3.3.

In addition to the 1 x ¢ space, the negative energy occupancies for the various cell
types was also checked. The fraction of times a cell-type is reconstructed with negative

energy is shown in Fig. 3.4. Again, as the threshold cut on the negative energy
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Figure 3.3: n x ¢ mapping of cells with negative reconstructed energies in the Tile
calorimeter over time. Three negative energy thresholds are shown: (a) £ < —200
MeV, (b) E < =500 MeV, (c¢) £ < —1000 MeV.

becomes more negative, the cells begin to cluster in the ‘E’ cells, again suggesting
pileup may be the cause.

A more in-depth look was taken into the ‘A’ cells, the Tile calorimeter cells clos-
est to the beamline (Fig. 2.9), because the energy deposition in these cells is well
understood. For these cells, a large energy threshold was applied, |E| < —1.5 GeV.
Table 3.1 shows the results for one run in 2011. A total of 289 ‘A’ cells were re-
constructed with negative energy, most of which were channels set on the high-gain
setting. The majority of negative energies were from ‘A’ cells in the extended barrels

of the Tile calorimeter.



45

3 0435 ] 3 03F =
b E 3 s C ]
o 0.42F = o 0.28 -
(=] = | (=] r 1
N 041 - 9 0.6 B
\2 £ = A C 7
w04k = W go4F -
£ E E £ E E
= 039 E 2 0221 =
2 E E 2 E 1
8 0'385 E 8 o2 -
— . 7; — — C 1
2 0.37¢ E S o.18 -
* 0.36F E & E 1
E E 0.16F e
0.35 = C 7]
0.34= E 014 ‘ ! ! E
Acells BC cells D cells E cells Acells BC cells D cells E cells
(a) (b)

3 o.18F ]

= C N

g o6 b

v o014 E

w L i

= r ]

g on2p 7

® L N

3 01 e

(6] C N

0\‘; 0.08[~ e

ow ]

F L L L ]

Acells BC cells D cells E cells
(c)

Figure 3.4: % of Tile calorimeter cell-types which are reconstructed with negative
energies. Absolute energy thresholds are applied for three different thresholds: (a)
|E| < —200 MeV, (b) |E| < =500 MeV, (¢) |E| < —1000 MeV.

Tile Cell HG Events % of Total HG Events LG Events % of Total LG Events

Al 4 1.46 0 0
A2 10 3.65 0 0
A3 7 2.55 0 0
A4 6 2.19 0 0
A5 6 2.19 0 0
A6 7 2.55 0 0
A7 12 4.38 0 0
A8 11 4.01 0 0
A9 7 2.55 0 0
Al0 13 4.74 1 6.67
Al2 4 1.46 0 0
A13 36 13.14 0 0
Al4 64 23.36 11 73.33
Al5 59 21.53 3 20.00
A16 28 10.22 0 0

Table 3.1: Number of events with negative reconstructed energies £ < —1.5 GeV for
High-Gain (HG) and Low-Gain (LG) channels in the ‘A’ cells.
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The concentration of negative energies in the ‘E’ cells and the extended barrel
indicating that pileup may be the cause of reconstructed negative energies, suggested
the cause may be in the signal reconstruction algorithm itself. Pileup signals are
expected to have a larger reconstructed phase and a distorted signal shape leading to
larger quality factor values. These assumptions were tested and Fig. 3.5 and 3.6 show
the distributions for the timing and quality factor respectively for all Tile calorimeter
signals and for just those cells with a negative reconstructed energy. As expected, the
cells with negative reconstructed energy are those which also have a large difference
in timing with respect to the expected signal time (|t| >= 30 ns) and have large
quality factors. Figure 3.7 shows the breakdown of quality factors for high-gain and
low-gain channels. It is clear for low-gain that one could define a quality factor cut
above which almost all cells would have negative energies; however, the situation is

not so clear for channels set on high-gain.

Cells
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10
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Figure 3.5: Signal timing distributons for all Tile calorimeter channels (black) and
for those with negative reconstructed energies (red).

To investigate further the response of the optimal filtering, data from zero-bias
runs was studied. Zero-bias runs are runs which randomly trigger, and therefore many
events are expected to be out-of-time. The samplings of the waveforms for events with

positive and negative reconstructed energies were divided based on which sampling
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Figure 3.6: Quality factor distributions for all Tile calorimeter channels (black) and
for those with negative reconstructed energies (red).
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and (b) low gain.

(1-7) the signal peaked at. Figures 3.8 and 3.9 show the results for positive and

negative energies respectively. The cells with positive reconstructed energy always

had waveforms which peaked in the 4th or 5th samplings where the optimal filtering

algorithm is designed to work. However, in cases where the signal arrived early or

late, peaking in the first two or last two samplings, mimicking out-of-time pileup,

the cells’ energies were reconstructed as negative. This is due to the optimal filtering

weights assigned to each sampling. The first and last two samplings are expected

to contain the pedestal only, so these samplings receive negative weights in order to



48

properly subtract off the pedestal in the reconstruction of the signal amplitude. In
cases where the signal peaks in these samplings, the peak is assigned these negative
weights and the overall sum for the amplitude attains a negative value. In these cases
the optimal filtering algorithm cannot properly account for the distorted shapes, and
in higher-luminosity conditions even more cells are expected to be reconstructed with

negative energies.

1200+t e 1200 T

1000} 1000

800
600 600

400

coa b b b P ey

TT T [ T T T[T [T T T[T T T [TTT

IS
N
N
w
S
o
)
~
=]
N
N
w
S
)
)

Figure 3.8: Samplings of waveforms in cells with postive reconstructed energies. The
waveforms peaked in the 4th (left) or 5th (right) samplings.

These results show that in the presence of out-of-time pileup, the current im-
plementation of the optimal filtering cannot properly account for the change in sig-
nal shapes. This results in non-physical negative reconstructed energies in the Tile
calorimeter cells. A short term solution is to apply a quality factor cut to elimi-
nate many of the negative energy signals; however, this will not get rid of all or
even the majority of the negative signals. Occupancy studies show these negative
reconstructed energies occur in cells that are most susceptible to pileup conditions.
Assuming only electronics noise (i.e. no pileup), the off-diagonal elements of the ACM
are negligible. So far for LHC data taking, a unitary ACM has been used for online
signal reconstruction in the Tile calorimeter, as it was assumed that the ACM would

only be needed for higher luminosity data taking. In Ref. [47] it was shown that
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Figure 3.9: Samplings of waveforms in cells with negative reconstructed energies. The
waveforms peaked in the first or last two samplings.

even the full ACM cannot distinguish between various levels of pileup. For future

data-taking at the LHC, the method of signal reconstruction will have to be revisited

in order to account for pileup and the resulting distortion of the signal shapes in the

Tile calorimeter.
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Chapter 4

Observation of the Higgs Boson

With Diphoton Decay

This chapter describes the Higgs boson analyses for the diphoton decay channel.
Two measurements are carried out: the mass of the Higgs boson and the coupling
strengths. The overall strategies are similar for both. A narrow resonance on top
of a continuous background distribution is fitted to data. Events are selected first
based on the quality of the data, and further selection cuts are applied to ensure
the identified photons are come from the primary interaction. Selected events are
then divided into predefined categories, which differ between the mass and coupling
analyses. The mass analysis defines categories based on the photons’ locations in
the EM calorimeter and the diphoton pr in order to fully utilize the resolution of
the calorimeter. For the coupling analysis, the strategy is to define categories with
high purity for each of the five production processes: ggF, VBF, WH, ZH, and ttH.
The coupling categories for the associated production rely on the decay products of
the W and Z bosons and top quarks produced with the Higgs boson. For the VBF

process, the Higgs boson is produced in association with two forward /backward jets.
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This production process, along with the V' H process, provides a measure of the weak
couplings of the Higgs boson. Unlike the ggF process, the VBF production process
has very small theoretical errors. Two categories are defined for a high purity of VBF
produced events, and a multivariate analysis is employed based on the kinematics
of the diphoton and dijet systems. Details on the VBF categories are described in
Sec. 4.4.2.

4.1 Datasets

4.1.1 Data Samples

For this analysis, the full 2012 dataset taken with the ATLAS detector at 8 TeV
is used. The data was recorded using a trigger seeded by two clusters in the EM
calorimeter (EF_g35_loose_g25_loose).

This corresponds to a recorded luminosity of 20.3 fb~!. A good run list is then

applied which removes 0.3% of events.

4.1.2 Signal Simulation Samples

The Higgs boson signal samples are produced for five productions modes: gluon-
gluon fusion (ggF'), vector boson fusion (VBF), WH, ZH, and ttH. These samples
are produced for masses from 100 GeV to 150 GeV at 5 GeV intervals. The simulation
details of the different production modes is given below, and a summary of the process
cross sections is given in Table 4.1.

The ggF samples are produced using POWHEG [48, 49] interfaced with PYTHIAS [50]
for Higgs boson decay, showering, hadronization, and underlying event. POWHEG

produces events inclusively at next-to-leading order (NLO) in QCD tuned to next-to-
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next-to-leading order (NNLO) order with soft-gluon resummations that are accurate
at next-to-next-to-leading log (NNLL) [51, 52, 53]. These samples are then normalized
to NNLO calculations [15, 14, 17, 18, 19, 20] in QCD with NLO electro-weak correc-
tions applied [54, 55]. VBF samples are also produced with POWHEG [56] interfaced
with PYTHIA8 and are normalized to NLO QCD and EW calculations [57, 58, 59|
with approximate NNLO QCD corrections applied [60]. t¢H samples are generated
with POWHEG using the matrix elements generated from Helac-NLO [61]. Together,
this generation is known as PowHel [62]. t¢H events are then showered with PYTHIAS.
These samples are only generated for mass points between 115 GeV and 135 GeV
inclusively. All three of these samples, ggF, VBF, and ttH, are produced with the
CT10 [63] parton distribution function (PDF) and use the tune 11, or the ATLAS
AU2-CT10 tune, in PYTHIAS to simulate the underlying event.

The associated Higgs boson production with W and Z bosons are fully gener-
ated with PYTHIAS. PYTHIAS8 was used also for the Higgs boson decay, showering,
hadronization, and underlying event model. For these samples the internal PyTHIA
tune 5, or 4C tune, described in Ref. [64] is used. The W H and ZH samples are
normalized to NNLO calculations [65], and both samples include NLO EW radiative
corrections [66]. Both the W H and ZH signal samples use the CTEQ6L1 [67] PDF.

Stable particles after showering and hadronization are defined as those with life-
times longer than 10 ps. These are passed through GEANT4 [68], which simulates
the ATLAS detector. Events are then digitized, which simulate the detector response.
Then pile-up interactions are added to the events. These pile-up events are minimum
bias events generated with PYTHIA8. The number of pile-up events added to the
signal simulations is sampled from a Poisson distribution with a mean equal to the
average number of interactions per bunch crossing, pupcrp, at the LHC. The final

step in simulation is reconstruction. Here, the simulated detector signals are passed
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through ATLAS reconstruction exactly the same way data is.

In order to calculate the expected number of signal events in the dataset, the
H — ~v branching ratio must also be taken into account. The branching ratio has
been calculated as described in Ref. [21] using the programs HDECAY [27, 69, 70]
and PROPHECY4F [71, 72, 73]. First, all Standard Model allowed decay channels, as
described in Sec 1.3.2, are calculated with HDECAY. The H — 7 branching ratios
are calculated at NLO in QCD [17, 74, 75, 76, 77, 78, 79], and the NLO electroweak
corrections are interpolated from a grid of calculations presented in Ref. [55]. Then
PROPHECYA4F is used to calculate just the H — WW/ZZ — 4f partial widths.

The total Higgs boson width is then calculated as follow:

__ HDECAY _ pHDECAY _ WHDECAY | WPROPHECYAF
Iy =T} —Tzz —Dyw +Tys ; (4.1)

and the corresponding branching ratio for H — v+ is calculated from this full width,

r
BRy sy = 50 (4.2)
H

The higher order corrections for the H — 7~ branching ratio are estimated to be
<1% [21]. Calculated partial widths for H — ~~ for different mass points are shown
in Table 4.2.
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My [GeV] || oggr [Pb] over [pb] oww [Pb] ozw [Pb]  owm [Pb]
100 29.68 1.988 1.447 0.8102 0.2433
105 27.01 1.897 1.242 0.7022 0.2133
110 24.70 1.809 1.071 0.6125 0.1871
115 22.66 1.729 0.9266 0.5358 0.1651
120 20.86 1.649 0.8052 0.4710 0.1459
125 19.27 1.578 0.7046 0.4153 0.1293
130 17.85 1.511 0.6169 0.3671 0.1149
135 16.57 1.448 0.5416 0.3259 0.1024
140 15.42 1.389 0.4768 0.2898 0.09150
145 14.46 1.333 0.4216 0.2583 0.08199
150 13.55 1.280 0.3728 0.2308 0.07361

Table 4.1: Higgs boson production cross sections for 8 TeV as reported by the LHC
Higgs Cross Section Working Group [21]. Values stated here are used to normalize
the signal simulation samples.

My [GeV] || H — vy Branching Ratio
100 1.58E-03
105 1.77E-03
110 1.95E-03
115 2.11E-03
120 2.23E-03
125 2.28E-03
130 2.24E-03
135 2.12E-03
140 1.93E-03
145 1.67E-03
150 1.36E-03

Table 4.2: H — ~~ Standard Model branching ratios as reported by the LHC Higgs
Cross Section Working Group [21].

4.2 Object Selection

4.2.1 Photons

Photons are first reconstructed from energetic clusters in the EM calorimeter. They
are separated during reconstruction into converted and unconverted photons, where a
converted photon is a photon which pair-produces before reaching the EM calorime-
ter. The converted photons are those for which at least one reconstructed track in the

inner detector can be matched to the EM cluster in the calorimeter. Clusters with
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no tracks matched to them are classified as unconverted photons. Identification of
photons is done using variables which are built from the shower shapes within the EM
calorimeter and the amount of leakage energy which enters into the Tile calorimeter.

The shower shape variables are defined below:

Ryqq1: Ratio of transverse energy, Er, deposited within the first sampling layer
of the Tile calorimeter to the full transverse energy of the cluster. This is used

in the region |n| <0.8 and || >1.37.

hadl
ET
Er

Rpoan =

Ry.qa: Ratio of E7 in the entire Tile calorimeter to the Ep of the cluster. This

is used in the 7 regions where R},4; is not.

R,: Ratio of cell energies in 3x7 cells to 7x7 cells, both centered on the cluster.

This measures the spread of energy in 7.

Ry4: Ratio of cell energies in 3x3 cells to 3x7 cells, both centered on the cluster.
This measures the spread of energy in ¢; however, this spread is expected to
be wider for converted photons due to the magnetic field, and, thus, is less

powerful in photon/electron discrimination than R,,.
e277: Cell energy in a block of 7x7 cells.

Wera: Lateral width of the shower in 7 using 3x5 blocks of cells.



56

X Em Y B,
Weta2 = \/ SE, — ( SF, ) (4.4)

fsize: Front side energy ratio is the fraction of shower energy outside the core

of three strips but within seven strips.
wyor: Total shower width in the first layer of the EM calorimeter.

AFE: Difference in energy between the second maximum in the EM strip layer

and the minimum value found between the first and second maxima.

E.qi0: Ratio of the difference in energies from the largest and second largest

deposits in the EM calorimeter to the sum of these energies.

Photons must first pass a series of preselection cuts before they are considered

photon candidates. Within this preselection are

e Fiducial Cuts. Photons candidates are required to have a pr >25 GeV and to
be within the region || <2.37. Furthermore, due to deteriorated photon perfor-
mance around the transition region between the barrel and endcap calorimeters,

1.37< |n| <1.56 is also excluded.

e Quality Cuts. The photon must pass an object quality requirement ensuring
the cells within a photon’s EM cluster aren’t bad, dead, or have high noise.
Those photons receiving a majority of their energy from ‘bad’ calorimeter cells

are removed.
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e Ambiguity Removal. An ambiguity removal is required which removes any
converted photons with reconstructed tracks within the Pixel layer where the

first Pixel layer was not properly working.

e Photon ID Requirement. The photons must pass a ‘loose’ photon ID require-
ment based on shower shapes within the second layer of the EM calorimeter [80]
as well as the amount of energy deposited in the Tile calorimeter. Converted

and unconverted photons are treated the same.

At this point, only events with at least two ‘good’ photons are kept, meaning at least
two photons have passes all the cuts listed above. Further selections are then applied

to the Higgs boson diphoton candidates.

e The leading and subleading photons are required to have pr/m., >0.35 (0.25)

respectively.

e Photons at this point must pass a ‘tight” photon ID requirement [80]. Here the
shower information from the strip layer in the EM calorimeter is also included

and converted and unconverted photons are treated differently.

e Both photons must pass a calorimeter isolation F;,, <6 GeV. The calorimeter
isolation energy is defined as the amount of energy within a cone of AR =0.4,
excluding a central region of 0.125 x 0.175 in 7 x ¢ which accounts for the
photon’s energy [81]. This central region exclusion does not always account
for the photon’s full energy, so the calorimeter isolation is corrected for energy
leakage outside of this region. Furthermore the isolation energy is corrected
event by event for pileup and underlying event by using the same calorimeter
cells to seed a k; clustering algorithm [82, 83] with a size parameter of AR =0.5.

This technique was first developed in Refs [84, 85].
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e An additional track isolation is also imposed: E%* <2.6 GeV, where ETok
is defined as the scalar py sum of tracks coming from within 15 mm of the
diphoton vertex [86]. Tracks are required to have pr >1 GeV and to be within
AR <0.2 of the photons in order to be counted in the track isolation. If the

photon is converted, the conversion tracks are subtracted before the isolation

requirement.

4.2.2 Diphoton Primary Vertex

The diphoton primary vertex is identified using both the EM calorimeter’s resolution
and the inner detector tracking system. This selected primary vertex is important for
the diphoton invariant mass calculation, the selection of jets by way of the jet vertex
fraction (JVF) described in the next section, and the calculation of the track isolation
as mentioned in the photon object selection. A common interaction point is found
first by using a Neural Network algorithm (NN) based on the hybrid primary vertex
variable which uses the position for each photon candidate using calorimetric pointing
and any track hits in the inner detector if the photon was converted. Additionally,
the NN depends on the sum of the squared pr of tracks associated with each primary
vertex: > p%, as well as the scalar sum associated with each primary vertex: >_ pr.
Finally, the NN also depends on the A¢ angle between the primary vertex, calculated
with the vector sum pr of tracks, and the diphoton system. The n (and therefore the
pr) of the two Higgs candidate photons is then corrected using the selected primary

vertex.
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4.2.3 Jets

Jets are reconstructed using topological clusters [87, 88, 89] within the calorimeters.
Jets are clustered according to the anti-k; algorithm [90] with a distance parameter
R = 0.4. pr requirements are applied depending on the location of the jet; central
jets with |n| <2.4 are required to have pr >25 GeV, while jets outside that region
are required to have pr >30 GeV. Jets are also required to be within |n| <4.5. To
reject pileup jets, a jet vertex fraction (JVF) [91] cut is applied. The JVF is defined
as the sum of pr of tracks matched to the jet and originating from the diphoton
vertex divided by the sum of py of tracks matched to the jet coming from all primary

vertices:

> pT(trackiet", PV;)

JVF(jet;, PV;) = —~ : 4.5
(] 2 > pr(track]™, PV,) 45)

n 1

All jets within the tracking region of the inner detector, || <2.4 must pass a JVF
cut of |JVF| >0.50.

4.2.4 Electrons

Electrons are reconstructed using both EM calorimeter clusters and their associated
tracks from the inner detector. They are required to pass the fiducial cuts |n| <2.47
and pr >15 GeV, where the electron energy is calibrated using the same method as
the photon calibration. Electrons must pass the ‘loose’ ID criteria using a likelihood
method [92] based on the electron’s shower shapes in the EM calorimeter as well as its
energy leakage into the Tile calorimeter. Both a calorimeter and a track isolation cut
are imposed on electron candidates. The calorimeter isolation energy within AR <0.4

divided by the electron’s pr must be less than 0.2. For the track isolation, the sum
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of track pr within AR <0.2 of the electron’s track divided by the electron’s pr must
be less than 0.15.

4.2.5 Muons

Muons are required to be within |n| <2.7 and to have pr >10 GeV. In addition,
muons must have an impact parameter (|zo|) within 10 mm of the interaction point,
and to have a transverse impact parameter of less than 1 mm. Muons are required
to have at least one hit in the Pixel detector and at least 4 hits in the SCT detector
within the inner detector. If the muon is within 0.1< |n| <1.9, then the muon is also
required to have at least 5 hits in the TRT detector. A ‘loose’ ID selection is applied
to candidate muons. Muons are then required to be isolated using both a calorimetric
and track isolation. The energy within a cone of AR <0.4 divided by the muon’s
pr must be less than 0.2, and the sum pr of tracks within AR <0.2 divided by the

muon’s pr must be less than 0.15.

4.2.6 Overlap Removal Selection

During reconstruction, particles can be reconstructed as multiple different objects; for
example, a photon can be reconstructed as an electron and/or a jet. To avoid double
counting, an object overlap removal selection is done after the selection of ‘good’

objects as described above. The overlap removal is done in the following order:
e Electrons within AR <0.4 of selected photons are removed.

e Jets within AR <0.4 of a selected photon or within AR <0.2 of a selected

electron are removed.

e Muons within AR <0.4 of a selected photon or within AR <0.4 of a selected

jet are removed.
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4.2.7 Missing Transverse Energy

In ATLAS, the missing transverse energy, or E7'***is reconstructed by summing up all
object pr, and then applying the conservation of momentum in the transverse plane.
In order to maintain a consistent treatment of photons, the object selection in building
the B must follow similar selections as the diphoton analysis. In the calculation,
each object enters into the sum only once even if it is reconstructed as both a photon
and an electron. Therefore, it is important in the context of H — ~~ that photons
are given priority over electrons and enter into the sum first. Furthermore, the ‘tight’
photon ID requirement is applied to the photons before they enter into the sum.
Finally, the calibration of photons for EJ* must match the calibration of photons
in the H — v analysis presented here.

It is well known that the resolution of EZ'*** goes as the square root of the total
energy in the calorimeter, and significant degradation in the resolution has been
observed in 2012. Therefore, for the categorization of events in this analysis, the
E7ss significance is used. The EM“ significance is defined as the ratio EX$ over

the resolution of the Ejss.

4.2.8 MC Corrections

The following corrections are applied to the MC signal samples:

e The pileup up simulation in the signal samples does not exactly match that
measured in ATLAS data, so MC samples are reweighted according to the
average number of interactions per bunch crossing (upcrp) seen in data. This
is proportional to the instantaneous luminosity. Before the reweighting is done,
a pporp scaling factor of 1.09 is applied to again match the conditions observed

in data. The distribution of pgerp measured in 2012 data and the distribution
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for simulation before reweighting and scaling are shown in Fig. 4.1.
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Figure 4.1: The luminosity-weighted distributions of the average number of inter-
actions per bunch crossing in 2012 data and the MC simulation production before
reweighting [93].

e A vertex reweighting is done to MC samples, as they were generated with a
slightly wider beamspot. MC samples have a beam spot spread of 66 mm,

while in data, the beam spot width is 48 mm as shown in Fig. 4.2.
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Figure 4.2: The offline beamspot reconstructed width in z in 2012. The reconstruction
of the beamspot uses a likelihood fit to primary vertices, as describe in Ref. [94], where
the primary vertices used had at least five or more tracks associated with them.

e The ggF signal samples have a pr reweighting applied to them which reweights
the pr spectrum from POWHEG to that calculated by HRES2.1 [95]. HRES2.1

calculates the pr spectrum to NNLO+NNLL precision and includes both the
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effect of exact top and bottom masses and their interference [96]. Dynamic

renormalization and factorization scales (u = y/m} + p7 ) are used in the

calculation.

It was shown that reweighting to the inclusive pr spectra from HRES2.1 affects
the overall jet multiplicity in the sample, in particular, resulting in too few
events with >2 jets. Therefore, two sets of pr weights are used based on the
number of truth jets with pr >25 GeV (excluding jets that overlap with either
of the photons from the Higgs boson decay). One set of weights is for events
with 0 or 1 truth jets, and the other set is for events with >2 truth jets. It
was checked that the resulting pr distribution after reweighting for the case
of >2 jets matches the pr distribution from the HJJ [97] process in POWHEG
produced using the MiNLO (Multi-scale improved NLO) procedure [98, 99],
which generates H+2 jet events at NLO. Furthermore, after the reweighting of
all events using this two-binned HRES2.1 method, the jet multiplicities follow
well the NNLO predictions from JetVHeto [100, 101, 102].

The VBF, WH and ZH pr spectra are reweighted to match the NLO pp dis-
tribution from the MC program HAWK [103, 104].

The decay of the Higgs boson is handled entirely by PYTHIAS, which by default
includes Dalitz decays where H — ~vy* — ~+ff when set to decay the Higgs
boson to two photons. It was found that about 5.74% of events at a Higgs boson
mass of 125 GeV were decayed in this manner [105], which is relatively close
to the calculated Dalitz decay width presented in Ref. [106]. These decays are
not included in the branching fraction used for H — 7, so they are removed
from the initial number of events in the signal samples in order to correctly

normalize the simulated signal to theoretical predictions. In data, however,
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a small number of these Dalitz decays will pass the full event selection, and
therefore, these Dalitz decay events are retained in the final signal samples for
calculating the expected number of events and for the signal modeling described
in Section 4.5.1. After selection, only 0.3% of simulated signal events are from

Dalitz decays.

e The ggF signal sample is reweighted to include the effects of destructive interfer-
ence between the ggF' signal and the gg — 7 background process. Interference
effects are computed in bins of cos #* and utilize both LO [107] and NLO [108§]
predictions. The NNLO effect is expected to be between the LO and NLO
predictions, so the average of the two effects is applied to the ggF sample. One
exception is for cos0* >0.7, where, due to the applied analysis cuts, the LO
weight is 0. In this region, only the NLO interference effect is applied to the
signal sample. Interference effects result in a 2.5% reduction in expected ggF

signal events.

e Correction factors are applied to the calorimeter shower shape variables be-
fore applying the photon identification cuts. These factors correct for shower
shape differences between the simulated showers and those observed in inclusive

photon samples in data.

e The energy of the photons is smeared in order to match the resolution of the

simulated signal samples to the resolution seen in data.

4.3 Event Selection

A candidate Higgs boson event is selected first on the basis of the ATLAS trigger.

Only events which triggered on two EM clusters passing loose photon ID require-
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ments described in Sec. 4.2.1. and having EFr > 35 GeV for the leading cluster
and Epr > 25 GeV for the subleading cluster. The corresponding ATLAS trigger is
EF_g35_loose_g25 _loose. The efficiency for this trigger is 99.4 + 0.2% [109]. Then
an event is required to have been recorded during a time when the full ATLAS de-
tector was turned on and all components were functioning properly. To ensure this,
a good-run-list is applied which removes data taken when at least one subsystem was
not performing optimally. !

Flags for both the EM calorimeter and the Tile calorimeter are also stored which
indicate the detector quality during each event. For example, if information from part
of a detector is missing or the data is somehow corrupted, the event is flagged and
then rejected. For a subset of runs, the Tile calorimeter had a hot cell, meaning it
had a particularly high noise threshold. This cell was not masked in the Tile detector
database, and therefore events which are affected by this hot cell must be removed
by hand.

To apply the same reduction in the monte carlo (MC) samples, events are given a
random run number, and if it equals the run numbers in data which had the unmasked
noisy calorimeter cell, then the event is rejected from the MC events. This ensures
a correct Higgs boson cross section measurement within data. During a portion of
the runs in 2012, the Tile calorimeter had a channel with data corruption and an
incorrect rejection threshold. This channel, channel 5 of LBC24, would create fake
energy of 400 GeV in the cell. In some instances this was not masked, so any event
in which this channel is saturated is rejected.

Following the photon object selection outlined in the previous section, events are
required to have at least two selected photons, which are both isolated and both pass

the ‘tight’ ID cuts. The invariant mass of the two selected photons, calculated by

'The good-run-list used here is the datal2_8TeV.periodAllYear_DetStatus-v61-prol4-
02_DQDefects-00-01-00_PHYS_Standard GRL_All_Good.xml.
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Moy = \/2E 71 Ery(coshAn — cosAg) (4.6)

is required to be within 105< m., <160 GeV. This is to limit the mass range to a
region where the background processes follow a continuous falling distribution. The
mass is restricted specifically to be above 105 GeV to avoid any turn-on effects caused

by the relative pr requirements described in the photon object selection above.

4.4 Event Categorization

To utilize the full potential of the 2012 data, events are categorized based on sensitiv-
ity to different measurements. When measuring the mass of the Higgs boson, events
are categorized into regions of good and worse mass resolutions, and into regions of
higher and lower ratios of expected signal to background events. This categorization is
based on the photons’ locations in n within the EM calorimeter, the photons’ conver-
sion status, and on the orthogonal component of the diphoton pr to the ‘thrust-axis’

calculated as

Pr1 — Pr2

- —— and p}) = pr1 + Pre (4.7)
|pT1 - pT2|

pre = |p) X t|, where t =

and shown in Fig. 4.3.
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Figure 4.3: The transverse component, or pr; of the diphoton pr.
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4.4.1 Mass Categories

The mass measurement analysis has ten categories:

e C1: Both photons are unconverted, both are in the central region of the detector

Inse| <0.75, and the diphoton system has pr; <70 GeV.

e C2: Both photons are unconverted, both are in the central region of the detector

Ins2| <0.75, and the diphoton system has ppry >70 GeV.

e C3: Both photons are unconverted, at least one photon is in the region |ngs| >0.75,

and the diphoton system has pr; <70 GeV.

e C4: Both photons are unconverted, at least one photon is in the region |ngs| >0.75,

and the diphoton system has pr; >70 GeV.

e C5: Both photons are unconverted and at least one photon is in the region

1.3< |nsa| <1.75

e C6: At least one photon is converted, both are in the central region of the

detector |ng2| <0.75, and the diphoton system has pry <70 GeV.

e C7: At least one photon is converted, both are in the central region of the

detector |ns2| <0.75, and the diphoton system has pr, >70 GeV.

e C8: At least one photon is converted, at least one photon is in the region

Inse| >0.75, and the diphoton system has py, <70 GeV.

e C9: At least one photon is converted, at least one photon is in the region

Ins2| >0.75, and the diphoton system has pry >70 GeV.

e C10: At least one photon is converted and at least one photon is in the region

1.3< |ns2| <1.75
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4.4.2 Coupling Categories

The categories for the Higgs boson coupling measurement were chosen to isolate var-
ious Higgs boson production modes. Therefore, signal strengths measured in each
category are essentially measurements of the Higgs boson coupling to particular ob-
jects. Categories are optimized for ttH production, associated Higgs boson produc-
tion where the V' boson decays leptonically or hadronically, associated Higgs boson

production where the Z boson decays into neutrinos, and VBF production.

VBEF Categories

The VBF process, described in Sec. 1.3.1, is characterized by two forward/backward
jets, separated in 7. The Higgs boson is produced in the rapidity gap between these
two jets, and with little or no QCD activity from the hard scatter in the central
region between the two jets. This is because in the VBF process, the Higgs boson
is produced by interactions of the weak bosons, either two Ws or two Zs. This
production mechanism for the Higgs boson provides a good measurement of the weak
couplings to the Higgs boson.

For the categorization of VBF events, a Boosted Decision Tree (BDT) is used
within the TMVA (Toolkit for Multivariate DATA Analysis with ROOT) [110] envi-
ronment. Two categories are defined, a ‘Tight’ VBF category with a high purity of
VBF events, and a ‘Loose’ VBF category with a slightly lower purity of VBF events.

A decision tree is the sequential application of cuts involving one variable at a
time, which divide a given sample of events into nodes after each cut is applied. The
set of cuts is defined by using the variable and cut values at each splitting which
creates the best separation between signal and background events. This splitting
continues until a specified minimum number of events in a node is reached. The

nodes which the final cuts divide events into are called classifier nodes, where they
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are assigned the label of ‘signal’ or ‘background’ based on whether the majority of
events are from the input signal or background sample. In the end, the phase space
is divided into N hypercubes defined as signal-like or background-like, where N is the
number of input variables used in the BDT. A schematic of a decision tree is shown in
Fig. 4.4. A single decision tree is subject to statistical fluctuations, which can cause
a tree to be unstable. Therefore, a boosted technique is employed, where a ‘forest’ of
decision trees is created. Events are boosted between decision trees, meaning events
are reweighted based on their identified input sample, signal or background, and the
classification of the node they ended up in, again signal or background. Events which
are misclassified receive a higher weight for the training of the next decision tree. The
weights of the misclassified events are multiplied by a boost weight o defined using
the misclassification rate, €,,;; of the previous tree as
1 — €nis

o = - Cmis. (4.8)

€mis

All weights in the sample are subsequently renormalized so that the overall sum of
event weights is constant throughout. The output of a BDT is a single variable called
the discriminant, which quantifies the likelihood that an event is a signal event. A
value of +1 means an event is very signal-like, while a value of -1 means an event is
very background-like.

The following parameters are used for the BDT:
e NTrees = 850; The number of decision trees.

e nEventsMin = 50; The number of events in a node at which point the splitting

stops.
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®

Figure 4.4: A schematic of the node splittings in a single decision tree [110].

e nCuts = 20; The number of scanned steps through each variable used during

the cut optimization for each node.
e MaxDepth = 4; The maximum node depth allowed in a decision tree.

The BDT is first trained on signal and background samples using supervised
learning. In supervised learning, two known input samples, one labeled as signal and
the other as background, are given to the tool. Then a series of node splittings occur
to separate the signal sample from the background sample, thus generating the BDT.
A BDT is considered trained once the decision trees are created, and it can be used to
classify events in other samples as signal or background like. Here, the signal samples
are the VBF simulated samples described earlier, and the background sample is a
mix of simulated 77 non-resonant events generated with Sherpa [111] and a control
sample from data where the photon isolation cut was reversed, meaning one or both
photons fails at least one of the calorimetric or track isolation requirements. This
reverse isolation sample (RevISO) models the y-jet and jet-jet background processes.
Because the isolation cut is reversed, this control sample is completely orthogonal to
the Higgs boson candidate events in data. The simulated sample is combined with
the RevISO sample according to the fractions of 7-jet and jet-jet events observed in

the data sidebands.
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The goal of the BDT is to separate events produced by vector boson fusion from
all other events. In particular, VBF events not only need to be separated from
background events, but also from ggF events, which have the highest cross section of
all Higgs boson production processes. However, it was shown that for most variables
requiring two or more jets, that the ggF distributions follow the same shapes as that of
the background processes. Therefore, the BDT can be trained using just non-resonant
background samples, and the resulting BDT discriminant will also select out events
from ggF' effectively providing a more pure VBF signal sample. The Sherpa+RevISO
background sample is then reweighted to better match the background distribution
in the data. The comparison is made with data in the sideband regions, meaning the
signal region from m,, = 121 GeV to m,, = 131 GeV is excluded in the comparisons.
The reweighting function is taken from a fit to the ratio of data sidebands to the
Sherpa-RevISO sample in the distribution of the subleading jet’s pseudorapidity.
Reweighting to different variable distributions was investigated, and it was shown
that reweighting to the subleading jet 1 produced the best expected signal significance

as measured by

Nvpr

OVBF = \/2 X (NyvBr + Nggr + NBackground % In(1+ ) — Nver (4.9)

NggF + NBackground

For training, only half of each simulated sample is used. The other half is then used
as an independent sample to find the optimal BDT discriminant cuts for the VBF
categories. The full RevISO sample is used for both training and optimization due
to the small statistical size of the sample. If a BDT is trained with too many input
variables, or parameters, on too few events, a situation called overtraining can occur.
Overtraining does not allow the BDT the flexibility to properly separate signal and

background events from any sample other than the exact samples it was trained on;
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therefore the performance with the training samples will be a false estimator of the
BDT’s performance on any independent samples. Checks for overtraining are done
using the Kolmogorov-Smirnov test (KS-test). The KS-test is a way to determine
how similar two datasets are, and here the test is applied to the BDT discriminant
distribution from the training samples and the BDT discriminant distribution from an
independent validation sample. KS factors are calculated as the maximum difference
in the cumulative fraction functions of a variable for two different samples. The
KS-test is calculated for both the background and signal samples independently. In
this case the signal validation sample is the other half of events that were not used
in the training of the BDT. The background validation sample is the other half of
the v events not used in the training combined with the RevIso sample. A KS-test
value of close to 1 is considered good, while a very small KS-test value is evidence of
overtraining.

Before events enter the BDT, they must first pass a set of preselection cuts. Events
are required to have at least two selected jets with a sizeable rapidity separation,
An;; >2.0, and a good balance between the dijets system and the diphoton system,

|77fw’ <5, where |77%] is defined as

1
3 % (M1 + n52)] (4.10)

1] = Py —

Six variables are used in the BDT:
e m;;: The invariant mass of the two tagged jets
e An;;: The difference in pseudorapidity between the two tagged jets

e pry: The perpendicular component of the diphoton pr with respect to the dipho-

ton thrust axis
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e A¢,, ;i The difference in azimuthal angle between the diphoton system and

the dijet system

° AR%”: The minimum AR between the leading or subleading photon and the

leading or subleading jet

*

e n*: The difference in psuedorapidity between the diphoton system and the

average of the jets

These variables are chosen for their discriminating power, and for their weak
correlation with the final fitting parameter, the diphoton invariant mass. For most
variables, the ggF distributions follow more closely the data sideband distributions.

The cuts on the BDT discriminant which define the ‘Tight’ and ‘Loose’ VBF
categories are optimized based on the expected VBF significance as defined in Equa-
tion 4.9. The optimal cuts on the discriminant are BDT> 0.83 for ‘Tight’ and

0.3< BDT <0.83 for ‘Loose’.

ttH Categories

While the ggF production proceeds through a top quark loop, and is therefore indi-
rectly sensitive to the large top Yukawa coupling, the ¢tH production mechanism is
directly sensitive to the coupling. The associated top quarks decay into W bosons
and b-quarks, so two categories are defined based on the decay products of the W
bosons: a leptonic category and a hadronic category.

In addition to the W bosons produced, b-quarks are also produced in the decay
of the top quarks. As such, b-tagging jets are very important for these categories. In
this analysis, the MV1c tagger at various working points is used. The MV1 tagger
algorithm [112] is a neural network algorithm which relies on three different algo-

rithms [113]: a likelihood ratio algorithm based on impact parameter, a secondary
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vertex based algorithm, and a third algorithm called JetFitter, which reconstructs
a common line between the primary vertex and the heavy-quark vertices. Working
points are defined by the efficiencies of the tagger to correctly identify b-quark jets
in tt events where jets satisfy pr >20 GeV and |n| <2.5.

The leptonic ttH category requires at least one selected lepton as defined in Sec-
tion 4.2. In addition, either one b-tagged jet with E7** >20 GeV, or two b-tagged
jets are required. All b-tagged jets in this leptonic category use the MVlc tagger
with 80% efficiency. In some cases, an electron from a Z/v* event is mis-identified as
a photon. Therefore, if electrons are present in the event, the invariant mass of that
electron and each of the photons individually (m..) is checked. Any event with m..
in the mass range of the Z boson, between 84 GeV and 94 GeV, is rejected.

The hadronic ttH category encompasses three subsets of ttH events:

e Six selected jets with at least two b-tagged jets at the 80% working point and

a lepton veto

e Six selected jets with pr >30 GeV with at least one b-tagged jet at the 60%

working point and a lepton veto

e Five selected jets with pr >30 GeV with at least two b-tagged jets at the 70%

working point and a lepton veto

These three different selections are combined in order to increase the ttH signal yield
while also restricting the contamination from the other Higgs boson production mech-
anisms, particularly that of ggF, which has a large theory uncertainty in selections

with high jet multiplicity.
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V H Categories

Four different V H categories are defined for the measurement of the weak couplings
to the Higgs boson. Two categories, an E'*** category and a hadronic category, are
aimed at both ZH and W H. A single lepton category is defined for W H events, and
a dilepton category is defined to isolate ZH events.

The EI'** category requires an E¥** significance >5 and pry; >20 GeV. Addition-
ally, a veto is applied if either selected photon passes the likelihood electron ‘loose’
ID requirements.

The hadronic category is defined for events in which the W or Z boson decays
into jets. Therefore, the dijet invariant mass is expected to be consistent with the
masses of the W and Z boson, 60< m,; <110 GeV, and the jets are required to be
close to each other with An;; <3.5. The following selections are also applied: pp; >70
GeV and |n,, — n;;| <1.0.

The W H single lepton category requires the presence of at least one lepton, and
an E7 significance > 1.5. If an electron is present, a veto on the invariant mass
of the leading electron and either of the selected photons must not be within the
mass range of the Z: 84 GeV< m,, <94 GeV. An event only enters the single lepton
category if neither of the selected photons passes the likelihood electron 'loose’ 1D
requirements.

The ZH dilepton category requires at least two leptons of the same flavor and
opposite charge, and a dilepton mass consistent with the Z mass: 70 GeV< m; <110
GeV.

The twelve coupling categories are summarized below, and the expected signal
events for a Higgs boson mass of 125 GeV divided by category and production process

are presented in Table 4.3.



76

C1: Both photons are within the region |ng2| <0.95 and the diphoton system
has pry <70 GeV.

C2: Both photons are within the region |ng2| <0.95 and the diphoton system
has pry >70 GeV.

C3: At least one photon is within the region |ng2| >0.95 and the diphoton

system has ppy <70 GeV.

C4: At least one photon is within the region |nse| >0.95 and the diphoton

system has pp; >70 GeV.

C5 (VBF Loose): At least two jets with a 0.3<BDT<0.83, where a preselec-

tion is applied of An;; >2.0 and |n*| <5.0.

C6 (VBF Tight): At least two jets with a BDT>0.83, where a preselection

is applied of An;; >2.0 and |n*| <5.0.

C7 (VH hadronic): At least two jets with 60 GeV< mj; <110 GeV, pry >70

GeV and |n,, — n;;| <1.
C8 (VH Ess): EMs significance >5 and pp; >20 GeV.
C9 (W H leptonic): At least one selected lepton and EZ¥** significance > 1.5.

C10 (ZH leptonic): Two leptons of the same flavor and opposite charge and

invariant mass in the range 70 GeV< my <100 GeV.

C11 (ttH hadronic): A lepton veto and six jets with either, pr >25 GeV
where two jets are btagged with the 80% working point, or pr >30 GeV where
one jet is btagged with the 60% working point. Or a lepton veto and five jets

with pr >30 GeV where two jets are btagged with the 70% working point.
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e C12 (ttH leptonic): At least one lepton, where, if the lepton is an electron,

the invariant mass of the electron and either candidate photon is not within the

range 84 GeV< m,, <94 GeV (an effective Z-veto), and either, one b-tagged

jet with EIs >20 GeV, or two b-tagged jets.

Category | Total gegF VBF WH ZH +ttH bH tH

Inclusive | 401.58 | 349.25 29.00 10.96 6.57 1.83 3.85 0.07
C1 138.38 | 127.75  5.51 214 139 0.18 1.41 -
C2 11.42 8.31 1.83 0.64 0.40 0.15 0.09 -
C3 212.55 | 194.87 8.76 4.02 251 0.23 215 -
C4 16.54 11.88 2.67 1.06 0.64 0.15 0.13 -
Ch 9.31 3.80 5.36 0.06 0.04 0.01 0.04 -
C6 5.89 1.10 4.76 0.01 0.00 0.00 0.01 -
cr 3.26 1.49 0.11 099 0.62 0.04 0.02 -
C8 1.13 0.01 0.00 0.42 0.58 0.11 0.00 -
C9 1.75 0.00 0.00 1.57 0.11 0.06 0.00 -
C10 0.26 0.00 0.00 0.00 0.26 0.00 0.00 -
C11 0.50 0.04 0.00 0.00 0.01 0.42 0.00 0.03
C12 0.59 0.00 0.00 0.05 0.01 0.48 0.00 0.04

Table 4.3: Expected events for a Higgs boson mass of 125.4 GeV for the coupling
category analysis with 8 TeV data. Events are divided by category and production
process. The tH process is only considered for the two ttH categories.
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4.5 Signal Model

4.5.1 Signal Model

As mentioned previously, Higgs boson signal samples are generated for eleven mass
points between 100 GeV and 150 GeV. All five production modes are summed ac-
cording to their respective cross sections before fitting. Because some Dalitz decays
in data will still pass the event selection, Dalitz decay events in the signal MC are
included in the samples for the fits. All weights are also applied to the samples before
fitting. Each mass point is fit with a Crystal Ball (CB) function [114], which is com-
posed of a narrow Gaussian with a wider tail towards lower masses, and is defined

as

exp (—t2/2) if t > —acs

C(m’Y’Y; HCB, 0CB; ACB; nCB) = N ’ ncB 2 —ngcp
(m) .e"CB/2 . (m — acB — t) otherwise

@CB @CB

where t = (m.,—pcg)/ocs, N is the overall normalization, jucp and ocp are the peak
position and width of the core Gaussian component, ncp and acp are the parameters
of the tail function. For all fits, ncp is fixed to 10. A Gaussian with a wider width is
then added to the CB function for the fits in order to model the outliers in the mass
spectrum. The Gaussian has a peak position of uga and a width of og4 which is
related to ocp by a constant parameter kg4. This forces the additional Gaussian to
be wider, and therefore, only fit to the outliers of the distribution and not to the full
set of events. One more parameter, fopg, is used for the overall normalization fraction
of the CB function, and the normalization fraction of the Gaussian component is

1-fep. The full signal model can then be parameterized as the sum of the Crystal

Ball (C) and the Gaussian (G)
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F = fep - C(myy, e, 0cp, ac) + (1 = feB) - G(Meyy, figas kga - 0cp).  (4.11)

4.5.2 Global Resolution Model

Instead of fitting six different parameters for each of the eleven mass points, it was
decided instead to relate these parameters between the different mass points. It was
shown that the relationships for many of them were linear across the different Higgs
boson mass points. The global resolution, defined in the following equations, is fit

simultaneously to all mass points.

pes(my) = pep(mp = 125GeV) + s, cp - (myg — 125GeV) (4.12)
MGA(mH) = ,uGA(mH = 125G€V) -+ Su,GA - (mH — 125G6V) (413)
O'CB<mH) = O'CB(mH = 125G€V) + So.0B - (mH — 125G6V) (4.14)

acp, kep, and fop are kept constant across all masses. This lessens the number
of total fit parameters across all masses to nine. An example global fit for all mass

points is shown in Fig. 4.5.

4.5.3 Signal Yields

Because the relationship between the signal yields at different mass points is shown to
not be linear, the signal yields between the simulated mass points are interpolated by
fitting a third order polynomial to the yields from the eleven mass points. An example
of a polynomial fit to the signal yields at each mass point is shown in Fig. 4.6. This

signal yield parameterization is then taken into account in the normalization of the
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Figure 4.5: The simultaneous fit to each Higgs boson mass point. Parameters at each
mass point follow a linear relationship.

global resolution fits. Once all parameters are fitted to the MC signal samples, they
are then used in signal+background fits to the diphoton invariant mass distribution
in data, where all signal shape parameters are kept constant. The expected signal
yields are also kept constant, while the total fit yield in data is allowed to vary this

expected yield by a factor u. For the Standard Model, p =1.

bbH Contribution

The bbH cross section for the inclusive case is on the order of the ttH cross sec-
tion [115, 116]. Because the bbH cross section decreases rapidly as the b-jet pr
increases, it is not expected to have a large impact on the coupling analysis, and no
MC samples are generated for this process. Nevertheless, bbH contributions are taken

into account through the following prescription:

e The mass dependence is assumed to be similar to that of the tH process.
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e The signal efficiency is assumed to be the same as for ggF given the decrease

in cross section with increasing jet pr.

Therefore, the number of expected signal events from the bbH process is taken as

thH(mH) Nggp(]_255)
Ny = e (125. 4.1
vor (M) Ny (125.5) X 009r(125.5) X oy (125.5) (4.15)

where o35 and ogyr are taken from the LHC XS working group [21] and

oy (125.5)
aZZi(125.5) =1.1%.
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Figure 4.6: The expected signal yields at each mass point. A third order polynomial
is fit to the values.

tH Contribution

The production of a Higgs boson in association with one top quark (tH) is expected

to contribute up to 5% of the signal in the ttH categories. Two processes are included

in the tH process: tHjb and WtH.
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4.6 Background Model

In order to reliably measure the number of signal events in data, both the shape and
normalization of the background distribution must first be understood. This is done
by fitting an analytical function to the background distribution in data. Multiple
functions were tested on MC samples, and the final chosen background model is the

function which introduces the least bias on the signal yield.

4.6.1 Background Monte Carlo Samples

Three background MC samples are used to simulate the main background processes:
vy, y-jet, jet-jet. The v and y-jet samples are simulated with SHERPA with up to
three QCD emissions modeled with the matrix element, while the jet-jet processes
are simulated with PYTHIA. The three samples are combined based on the fractions
measured within the data sidebands using a 2x2D technique: 77% v+, 20% ~-jet, 3%
jet-jet [117].

A large number of statistics are needed for the background simulation so that
the fitted functions aren’t susceptible to statistical fluctuations. It is not reasonable
to pass so many events through the full ATLAS reconstruction chain with detector
effects, so background process simulation samples are used at the EVGEN (event
generation) level, without any reconstruction applied. Instead, to simulate detector
effects, a smearing is applied to all events. This smearing is based on a smaller sample
of events which were passed through the full ATLAS reconstruction. The smearing
was derived from the differences in these events before and after reconstruction and
are calculated in bins of n and pr to take into account the detector resolutions and
reconstruction efficiencies of different regions. These large statistics samples are re-

ferred to as smeared MC samples.
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In the case of the VH categories, these same smeared MC samples are used;
however, the jets are used to represent leptons. This simulates the W~y and Zv
background contributions for the V H one-lepton and MET categories, and the [lyy
background for the dilepton category.

The backgrounds for the ttH categories are more complicated and utilize both a
Z — ee Sherpa sample and three data control regions. The Z — ee sample is used
only in the t¢H leptonic category and is used to simulate the ey fakes. The three data
control regions are from events where the photons pass the loose ID requirements but
do not pass the tight ID or the isolation requirements. Table 4.4 summarizes the
control regions and the ey background samples used for the ttH categories. More

details can be found in Ref. [118].

Category Photon Selection Additional Objects | Sample Name
1 lepton, 1 b-jet, QCD::1
Leptonic 2 non-tight, non-isolated vs ~ MET>20 GeV OR
1 lepton, 2 b-jets
1 lepton, 1 jet, QCD::2
MET>20 GeV OR
1 lepton, 2 jets
2 jets, MET>20 QCD::3
GeV OR 3 jets
1 tight isolated -y, 1 electron ;—f?g?sr,lylllj—?i T 2;
Hadronic | 2 non-tight, non-isolated ys 5 jets QCD::1

Table 4.4: Samples used for the background modeling in ttH leptonic and hadronic
categories in the coupling analysis.

4.6.2 Spurious Signal

To quantify the bias introduced by choosing to parameterize the background processes
with a single function, the spurious signal (N, ) is measured. The spurious signal is
a measure of the flexibility of a background model to produce a signal-like peak around

a specific diphoton mass. To measure the spurious signal, a signal+background model
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is fit to the background-only distribution of smeared MC, and the number of fitted
signal events is the spurious signal. For each tested background function, a mass
scan is done in the range 119 GeV< m., <134 GeV where a signal+background
fit is made with the mass fixed at each scan point and a corresponding spurious
signal measurement is made for each point. The spurious signal is only tested in the
range 119< m,, <134 GeV because previous measurements show the Higgs boson
has a mass around 126 GeV, and the signal model has a resolution of only 1-2 GeV
depending on the category. Therefore, only fluctuations within this mass range will
affect the final measured signal. The largest spurious signal in this mass range from
each tested function is then used to choose which functional form should be used
as the background parameterization when fitting to data. A background function is

chosen if its spurious signal satisfies at least one of the following requirements:

o Ngpur <10% of the expected signal events.

o Ngur <20% of the statistical uncertainty on the number of background events

in data.

If more than one function passes one of these criteria, then the function with the
least number of degrees of freedom is chosen.

The following functional forms were tested as background models:

e Single decaying exponential

e @M (4.16)

e Exponential of a 2nd order polynomial

My — 100
100

a1-x+a2 z2

e , where x = (4.17)



e Exponential of a 3rd order polynomial

e 2nd, 3rd, 4th, and 5th degree bernstein polynomials

e

al-x+a2-x2+a3~x3

, where x =

My — 100
100
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(4.18)

This spurious signal test is done for each defined category above, so that each

category has its own background function with its own parameter values. The chosen

functional forms and the corresponding spurious signal for each set of categories are

shown in Tables 4.5 and 4.6.

Category Background Model Nepur  Nepur/Nsm
C1 Expo. of 2nd order polynomial 3.5 5.8%
C2 Exponential 0.3 3.9%
C3 Expo. of 2nd order polynomial 4.4 4.5%
C4 Exponential 1.6 16.6%
C5 Expo. of 2nd order polynomial 1.7 9.1%
C6 Expo. of 2nd order polynomial 2.7 7.49%
c7 Exponential 0.2 5.4%
C8 Expo. of 2nd order polynomial 4.6 4.5%
C9 Exponential 2.6 20.3%
C10 Expo. of 2nd order polynomial 3.7 9.5%

Table 4.5: Chosen functional forms for each mass category and the corresponding
spurious signal from the background fits to the smeared MC.

4.7 Analysis of 2011 Data

The mass and coupling analyses combine both the 2011 7 TeV and 2012 8 TeV

datasets for the final results. Overall, the analysis is the same for both the 2011 and

2012 datasets. This section describes the few 2011 specific aspects of the analyses.
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Category Background Model Nepur  Nepur/Nsm
C1 Expo. of 2nd order polynomial 6.7 5.0%
C2 Exponential 0.4 3.6%
C3 Expo. of 2nd order polynomial 7.0 3.4%
C4 Expo. of 2nd order polynomial 1.2 7.3%
C5 Exponential 1.3 14%
C6 Exponential 0.4 5.4%
c7 Exponential 0.5 14%
C8 Exponential 0.1 11%
C9 Exponential 0.1 6.4%
C10 Exponential <0.1 8%
C11 Exponential 0.3 49%
C12 Exponential 0.2 28%

Table 4.6: Chosen functional forms for each coupling category and the corresponding
spurious signal from the background fits to the smeared MC.

4.7.1 Datasets

The 7 TeV dataset was collected during 2011 corresponding to an integrated luminos-
ity of 4.5 fb=!. A good run list for 2011 is then applied to events, which require that
all the detector systems were operating properly during the runs. The EF_2g20_loose
trigger was used, which has an efficiency between 98.9702% and 98.8704% [119] de-
pending on when in 2011 the data was collected. 7 TeV MC samples were generated
with the exact same configurations as for 8 TeV MC described in Sec. 4.1. The sam-
ples were generated for Higgs boson masses between 100 and 150 GeV for each of the
five production processes, and they are each normalized to the 7 TeV cross sections

calculated by the LHC Higgs Cross Section Working Group [21] and listed in Tab. 4.7.

4.7.2 Object and Event Selection

Photons must first pass the same preselection and quality cuts as 2012 which are
described in Sec. 4.2. The same pr requirements of pj./m.., >0.35 (0.25) are then
applied, but the ‘tight’ photon ID requirements are different for the 2011 dataset.

While the 2012 tight ID selection is cut-based, the 2011 tight photon ID is based on a
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My [GeV] || oggr [Pb] over [pb] oww [Pb] ozw [Pb]  owm [Pb]
100 23.64 1.557 1.195 0.6616 0.1637
105 21.45 1.478 1.029 0.5724 0.1432
110 19.56 1.410 0.8845 0.4978 0.1240
115 17.89 1.344 0.7626 0.4345 0.1105
120 16.43 1.279 0.6617 0.3808 0.09758
125 15.13 1.222 0.5785 0.3351 0.08632
130 13.98 1.168 0.5059 0.2957 0.07660
135 12.95 1.117 0.4431 0.2616 0.06816
140 12.02 1.069 0.3896 0.2322 0.06079
145 11.24 1.023 0.3437 0.2068 0.05429
150 10.51 0.980 0.3034 0.1842 0.04867

Table 4.7: Higgs boson production cross sections for 7 TeV as reported by the LHC
Higgs Cross Section Working Group [21]. Values stated here are used to normalize
the signal simulation samples.

neural net, which is trained to separate prompt photons from 7%. Both a calorimeter
isolation and a track isolation are required for photons; however, the cut values are
5.5 GeV and 2.2 GeV respectively for 2011 data.

Jet selections are the same for 2011 as for 2012 with the exception of the jet vertex
fraction. For 2011, a looser requirement of |JV F| > 0.25 is used.

Electron and muon selections are the same as for 2012, except for the electron
tight ID requirement.

Dedicated 7 TeV samples for pr reweighting were generated using HRes2.1 for the
ggF process and using HAWK for the VBF and V' H processes.

Events are then divided into the same categories as were defined in Sec. 4.4 for

2012 data.

4.7.3 Signal and Background Models

The signal shape is taken from a global fit to the signal MC for all mass points
simultaneously; this is the same as is done for 2012. For the background models,

the same functions which are chosen for 2012 using the spurious signal method (see
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Category | Total | gegF VBF WH ZH ttH bbH tH

Inclusive | 74.50 | 64.73 5.37 2.17 1.28 0.30 0.68 0.01
C1 25.97 | 23.93 1.07 042 0.27 0.03 0.25 -
C2 2.05 1.47 034 0.13 0.08 0.03 0.02 -
C3 39.53 | 36.16 1.66 0.80 0.49 0.04 0.38 -
C4 295 | 2.08 0.50 0.20 0.12 0.03 0.02 -
C5 1.64 | 0.63 0.99 0.01 0.01 0.00 0.01 -
C6 0.96 | 0.17 0.78 0.00 0.00 0.00 0.00 -
Cc7 059 | 026 0.02 0.19 0.12 0.01 0.00 -
C8 0.28 | 0.02 0.01 0.10 0.12 0.02 0.00 -
C9 0.32 | 0.00 0.00 0.30 0.02 0.01 0.00 -
C10 0.05 | 0.00 0.00 0.00 0.05 0.00 0.00 -
C11 0.06 | 0.01 0.00 0.00 0.00 0.056 0.00 0.00
C12 0.10 | 0.00 0.00 0.02 0.00 0.08 0.00 0.01

Table 4.8: Expected events for a Higgs boson mass of 125.4 GeV for the coupling
category analysis for 7 TeV data. Events are divided by category and production
process. The tH process is only considered for the two ttH categories.

Sec. 4.6.2) are used for the 7 TeV background functions. In the case of the low
statistics categories, like VH EX VH one and two leptons, and ttH categories,
the background model parameters from the fit to the 2012 data are used for the 2011

analysis also. The signal is then extracted in the same way as for the 2012 analysis.

4.8 Systematics

In this analysis, there are six types of uncertainties. There are uncertainties on the
total signal yield and the background estimation. There are also uncertainties on
the breakdown of signal yields into each category; these are due to the migrations of
events between categories. Due to the small MC statistics in certain regions of phase
space, statistical uncertainties are included. Additionally, there are uncertainties on
the modeling of the signal samples which are used to define the categories. Finally,
there are two uncertainties associated with the signal shape, systematics on the signal
resolution and systematics on the signal peak position. Each type of systematic is

further broken down into its individual components and described in the following
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sections.

Nuisance parameters for the signal yields and signal resolution are constrained us-
ing a lognormal function, e??, where o is the systematic and 6 is its corresponding nui-
sance parameter. The nuisance parameters for all other systematics are constrained

using a Gaussian function.

4.8.1 Experimental Systematics on the Signal Yield

e Luminosity. The amount of luminosity recorded by the ATLAS detector is
extrapolated from measurements of the proton-proton elastic collisions mea-
sured in the forward direction using the LUCID and BCM detectors. These are
placed on either side of the interaction point, and measure the proton-proton
cross section using van der Meer scans. These scans are done by systematically
separating the beams by varying widths and measuring the corresponding cross
sections for each distance. Measurements with the van der Meer scans were
found to have an uncertainty of +1.8% for 2011 data taking [120] and +2.8%
in 2012 data taking [42]. The luminosity uncertainty is uncorrelated between

the two years.

e Trigger. The efficiency of the triggers are evaluated for the relative pr cuts
used in this analysis. The relative py cuts allow the pr of the photons to be much
closer to the trigger thresholds than for previous absolute cuts; however, the
efficiency for the relative py cuts was found to still be extremely good (~99.4%).
The uncertainty on the trigger efficiency was calculated using photons from Z
radiative decay. Selection cuts on the invariant mass of the three-body system,
the dilepton mass, and the lepton pr were varied independently to assess the

uncertainty on the trigger efficiency. This uncertainty was found to be 0.2% for
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both 2011 and 2012.

Photon Identification. The uncertainty on the photon identification is from
comparing the ‘tight’ photon ID efficiency in MC to the efficiency in data.
This is then translated into an uncertainty on the signal yield by varying the
photon ID efficiency up and down within its uncertainty and taking the average
difference in signal yields as the final uncertainty. For the ‘tight’ photon 1D,
this amounts to an uncertainty of 1% inclusively for 2012 and 8.4% for 2011.
This systematic was also computed separately for the ttH categories and the

V H categories and was found to be 4.1% for 2012 and 9.3% for 2011.

Isolation. For 2012, the isolation uncertainty was estimated using Z — eevy
events where one of the electrons radiates the photon. This process provides
a good source of true photons with a very small contamination of fakes from
Z+jet events. These events were compared between data and simulation, and
the difference in isolation efficiency was found to be 0.13% per photon. An
uncertainty of 0.3% is assigned due to the background contamination. The
inclusive total uncertainty on the isolation is 2x(0.13 ® 0.03) =0.3% for 2012
and 0.6% for 2011.

Photon Energy Scale. The photon energy scale gives an uncertainty on the
yield through the relative pr requirements. The energy scale is varied within its
uncertainties, and the differences in the final selection yields in each category
are taken as the systematic. Inclusively, the impact of the photon energy scale

is 0.04% and thus is neglected in this analysis.

Primary Vertex Systematic. The uncertainty on the primary vertex selec-
tion was calculated in [121], and was found to be 0.03%. This was measured by

comparing Z — ee peak positions between data and MC for different choices
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of the primary vertex. The choices of primary vertex considered were using:
the electron tracks from the Z to define the 7 direction, the pointing from clus-
ters in the calorimeter only, the primary vertex in the inner detector with the
highest sum pr of tracks only, the interaction point (0,0,0), and the nominal
primary vertex selection. The ratios between the peak positions in data and
MC were compared, and the maximal deviation between these ratios was found

to be 0.03% and are neglected in this coupling analysis.

4.8.2 Theoretical Systematics on the Signal Yield

e Branching Ratio. The branching ratio of the Standard Model Higgs boson
decaying into two photons as calculated in [21] for a Higgs boson mass of 125.4
GeV has an uncertainty of +4.9%/-4.8%. This uncertainty varies with the Higgs
boson mass from +6.20/-6.07 at my =100 GeV to +2.45/-2.43 at my =150
GeV.

e QCD Scale. The uncertainty on the Standard Model Higgs boson cross section
due to missing higher-order terms can be evaluated by varying the renormal-
ization and factorization scales up and down by a factor of 2. The largest
of these uncertainties is from the ggF process. For a Higgs boson mass of
125.4 GeV, this scale uncertainty is +7.2%/-7.8%. As with the branching ratio,
these uncertainties also vary with mass from +7.9%/-8.4% at my =100 GeV to
+6.7%/-7.4% at my =150 GeV for the ggF process. QCD scale uncertainties
for all production processes are listed in Tab. 4.9 and 4.10 for 8 and 7 TeV

respectively.

o PDF+«,. Uncertainties on the cross section also arise from the use of dif-

ferent PDFs. The calculation is done for three different PDF sets: CT10,
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MSTWO08 [122], and NNPDF2.3 [123]. Both the CT10 and MSTWO08 PDFs are
varied by their respective eigenvector sets, and the uncertainties are determined

by the ‘Master Equation’ [124]

AXH = \/Z [maz(X; — Xo, X7 — Xo,0)]2
’ (4.19)

AX .. = \/Z [maz(Xo — X;7, Xo — X;7,0)]2

where X is the central value of the PDF, X" is the value of the ‘+’ direction
of the eigenvector 7 of the PDF set, and X is the value of the -’ direction. For
NNPDEF2.3, the average value of all the PDF sets is used as the central PDF,
and the 1o variation around this value is taken as the uncertainty. The full
uncertainty is then taken as the envelope of the uncertainties from the three
PDF sets. Again, the largest PDF uncertainty comes from the ggF production
process. At my =125.4 GeV the uncertainty is +7.5%/-6.9%. The PDF un-
certainty also varies with mass but to a lesser degree. The uncertainties are
+7.8%/-6.5% at my =100 GeV and +7.4%/-7.0% at my =150 GeV. PDF

uncertainties for all production processes are listed in Tab. 4.9 and Tab. 4.10.

9gF VBF WH ZH H bl

QCD Scale Up [%)] 7.2 0.2 1.0 3.1 38 103
QCD Scale Down [%] 7.8 0.2 1.0 31 93 148
PDF+a; Up [%] 75 26 24 25 81 61
PDF+a, Down [%] || 6.9 28 24 25 81 6.1

Table 4.9: QCD scale and PDF uncertainties for all production processes for a Stan-
dard Model Higgs boson with my =125.4 GeV [21] produced with a center of mass
energy of 8 TeV.

e ggF Higgs pr Uncertainty. The Higgs boson pr has not been precisely
measured, and this uncertainty in the shape can lead to migrations between

the untagged high and low pp; categories. The pr uncertainty is measured for
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99F VBF WH ZH #H bl

QCD Scale Up [%)] 7.1 0.3 1.0 2.9 3.2 10.0
QCD Scale Down [%)] 7.8 0.3 1.0 29 93 147
PDF+as Up [%] 76 25 26 26 84 62
PDF+as Down [%] || 7.1 21 26 26 84 62

Table 4.10: QCD scale and PDF uncertainties for all production processes for a
Standard Model Higgs boson with my =125.4 GeV [21] produced at a center of mass
energy of 7 TeV.

the ggF production mode by reweighting to HRes2.0 pr distributions calculated
with different schemes. First, the renormalization (ug) and factorization (ur)
scales are varied up and down by a factor of 2 (excluding the cases where the
two scales differ by a factor of 4). Then the resummation scale for the top quark
(1) is varied up and down by a factor of 2. Finally, the resummation scale
associated with the bottom quark (m;) is varied by a factor of 3. The envelope
of all these variations is taken to be the uncertainty on the Higgs boson pr
distribution, and the uncertainties are then symmetrized. This symmetrized
uncertainty is for the high py; categories, while the uncertainty for the low pr;
categories is calculated taking in the correlations between high and low ppy

categories using the Stewart-Tackmann procedure [125].

AO’low,th = Aayield () Aahighprt (420)

Table 4.11 shows the pr uncertainties for the untagged categories.

8 TeV Cl C2 (3 (4
prp mig, 7 TeV 14 241 -14 238
prg mig, 8 TeV  -1.5 242 -1.5 239

Table 4.11: Uncertainty in % on the Higgs boson pr from variations with HRes2.0
for the untagged coupling categories for both 7 and 8 TeV MC.
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e ggF Jet bin uncertainties. For the Higgs boson coupling analysis, the cat-
egories involving jets contain a significant number of ggF' events. These events
are subject to large uncertainties due to the missing higher order perturbative
terms when requiring two or more jets. Furthermore, the cut on the MVA
discriminant effectively cuts on events that have exclusively two jets and those
that have more than two jets. This exclusive binning of events is also associated
with a large migration uncertainty between the jet bins. To determine these
uncertainties, an extension of the Stewart-Tackmann (ST) method is applied to
a fixed NLO H + 2jets calculation for the ggF process using MCFM [126, 127].
Details on this method are presented in Ref. [21]. The uncertainties for a scan
of progressively looser cuts on m — A¢py_;; are shown in Fig. 4.7. The nominal
prediction from MCFM is shown along with the uncertainties using the modi-
fied method. For comparison, the uncertainties obtained directly from varying
the scales are also shown. It’s clear from Fig. 4.7 that the direct scale uncertain-
ties do not properly represent the migration uncertainties as the cut becomes
tighter, meaning the binning becomes more of a 2-jet exclusive bin. The results
are summarized in Table 4.12. Uncertainties for >3 jets are also calculated since
the BDT discriminant for the tight VBF category relies heavily on the shape of
the A¢,, j; variable to distinguish between the VBF and ggF processes. This

variable is sensitive to the presence of a third jet.

Category VBF Loose VBF Tight VH hadronic
>2 jet uncertainty 20.4% 20.4% 20.4%
>3 jet uncertainty 25% 52% 0

Table 4.12: Systematics due to the modeling of gluon-fusion in phase spaces requiring
at least two jets. Uncertainties are determined using MCFM.

e Additional ttH category uncertainties. Three additional uncertainties are
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Figure 4.7: The cumulant distribution of the uncertainty on gluon-fusion for pro-
gressively looser cuts on the A¢py_j;. The distribution is made with MCFM. [21].

applied to the ttH categories: ttH modeling uncertainty, uncertainties on ggF
and W H yields, and heavy flavor uncertainties for ggF, VBF, and W H yields.
For the tt H modeling uncertainty, two different reweightings are applied to the
ttH samples. First, the sample is reweighted to match the truth distributions
where the renormalization and factorization scales (m;+my /2) have been varied
up and down by a factor of two. A second, independent reweighting is also done,
which reweights the samples to match distributions where a dynamic scale is
used (i = (mimim&)'/3). An uncertainty is assigned for each case and is
summarized in Table 4.13. The uncertainties from ggF and W H yields in the
ttH categories are from varying the scales of the parton shower in Pythia8.
The scales are varied up and down by a factor of 2 and result in an uncertainty
of 50% for ggF and 5% for W H. The uncertainty measured for W H is also

assigned to the Z H contribution. To account for the high uncertainty for heavy
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flavors in the ggF, VBF, and W H production processes, a conservative 100%
uncertainty is taken on each contribution to the t¢H categories. Studies done
in Ref. [128] show an MC/data agreement of within 30%; however, to cover
the uncertainty conservatively, a 100% uncertainty for ggF was taken. Because
VBF and W H proceed through gq interactions, their uncertainty was taken

from W + b — jets studies [129].

Category Scale Variations Dynamic Scale
Leptonic +0.3 +2.2
Hadronic -0.4 -1.2

Table 4.13: Systematics in % due to the modeling of ttH where the samples have
been reweighted to match scale variations and a dynamic scale setting.

4.8.3 Limited MC Statistics

For some coupling categories, the phase space is so restricted, that the statistical
uncertainty in the signal samples can be of the same order as the systematic uncer-
tainties. Therefore, additional uncertainties are assigned for each production process,
which accounts for the limited statistics of the samples. Tables 4.14 and 4.15 show
the uncertainties per production mode for each coupling category for 7 TeV and 8
TeV samples respectively. These uncertainties are then pruned in order to simplify
the nuisance parameters. Nuisance parameters are rejected if they affect the final
px (X =ggF . VBF.WH,ZH, or ttH) more than 1%. It was decided to keep four of
the nuisance parameters associated with the MC statistics regardless of effect on px:
7 H uncertainty in the V H dilepton category for 2011 and 2012, and the t¢H uncer-
tainty in the ttH categories for 2012. Following this, the rest of the MC statistical

uncertainties are pruned.



Category gegF VBF WH ZH ttH
C1 0.19 037 0.55 0.53 1.01
C2 0.65 064 1.01 099 1.14
C3 0.15 0.29 040 0.39 0.90
C4 0.55 053 0.78 0.78 1.12
Ch 1.12  0.38 3.51 3.51 4.27
C6 2.15  0.42 1037 9.76 9.21
Cr 1.72 268 081 0.79 207
C8 2.16 2.12  1.00 0.71 1.20
C9 12.60 10.00 0.64 1.79 2.08
C10 0.00 0.00 5774 1.24 9.90
C11 11.62 1291 12.13 8.84 0.77
C12 30.15 30.15 2.86 4.12 0.64
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Table 4.14: Uncertainties in % accounting for the limited statistics of the 7 TeV signal
MC samples in the 12 coupling categories.

Category geF VBF WH ZH ttH
C1 0.19 0.37 0.57 0.54 1.08
C2 0.64 0.64 1.01  0.98 1.20
C3 0.16  0.30 0.41 040 0.95
C4 0.54 0.53 0.78 0.77 1.15
Ch 1.09 0.39 3.31  3.21 4.43
C6 2.05 0.42 8.30 8.91 8.01
C7 1.70  2.74 0.82 0.80 2.14
C8 10.72 1091 1.25 0.82 1.38
C9 13.48 1291 0.66 1.91 1.89
C10 0.00 0.00 100.00 1.25 9.45
C11 12.13 13.61 14.00 8.28 0.70
C12 33.33 25.00 4.10 5.63 0.65

Table 4.15: Uncertainties in % accounting for the limited statistics of the 8 TeV signal
MC samples in the 12 coupling categories.
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4.8.4 Experimental Uncertainties due to Categorization

e Material Mismodeling. Migrations due to material mismodeling only have
a significant effect on events defined by the conversion status of the photons,
as the amount of material in the inner detector affects the probability that
a photon will convert. The uncertainty due to the material mismodeling is
calculated using an MC sample generated with additional detector material,
and the uncertainty is the percent change in event yields per category between
this additional material sample and the nominal sample. Because the coupling
categories do not depend on the conversion status, the migration uncertainty

from material mismodeling is only applied to the mass analysis.

e Jet and EI*. There are two types of jet uncertainties: energy scale and
energy resolution. The uncertainties on the jet energy scale can be categorized
into five different subsets: statistical, detector, modeling/theory, mixed, and
special, where mixed refers to mixed detector and modeling uncertainties and
special refers to a few specific terms, for example pile up uncertainties. Uncer-
tainties on the jet energy resolution are of three types: experimental, method,
and modeling. The uncertainties on the E*** are mainly due to the uncer-
tainties on all objects in the event which enter into the sum. Because E75* is
calculated by taking the negative of the four vector sum of all objects in the
event, the scale and resolution uncertainties on each of these objects is propa-
gated through to the E% calculation. The other significant contribution to
the EM“$ uncertainty is the uncertainty on the soft terms. For the coupling
analysis, a simplification procedure was adopted for both the jet and EMs
systematics, where only the largest systematics are quoted independently, and

the rest are merged into one nuisance parameter by adding the uncertainties
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in quadrature. First, production modes are combined where the uncertainties
are of the same order of magnitude and the expected behavior of each process
is expected to be similar. Then categories are merged using the same reason-
ing. Finally, the systematics are symmetrized by taking the average deviation
of the up and down uncertainty components. The 7 TeV results for the B
uncertainties are shown in Tables 4.16 through 4.20, and the results for the jet

uncertainties are shown in Tables 4.21 through 4.29.

Category 1-4 ) 6 7 8 9 10 11 12

geF+VBF -0.01 -0.07 -0.06 -0.17 6.18 1.54 0 0 0.67
ttH -0.29 -0.28 -0.30 -0.26 -0.45 -0.27 -0.76 -0.21 -0.25
WH -0.13 -046 1.19 -0.19 153 0.13 0 0 0.43
ZH -0.11 -0.21 165 -0.27 091 024 -0.01 0 -0.68

Table 4.16: MET uncertainties from PES (photon energy scale) for different produc-
tion modes in each 2011 category [%)].

Category 1-4 ) 6 7 8 9 10 11 12

ggF+VBF -0 -0.01 0.01 -0.09 0.70 2.96 0 0 0.67
ttH -0.24 -0.32 -140 -036 134 018 190 0 -0.15
WH 0.01 -0.24 119 0.056 -0.09 -0.02 0 0 043
ZH -0.02  -0.26 0 -0.06 0.22 0.11 0.01 0 -0.65

Table 4.17: MET uncertainties from PER (photon energy resolution) for different
production modes in each 2011 category [%)].

Category 1-4 5 6 7 8 9 10 11 12
ggF+VBF -0.02 -0.04 -0.01 -0.24 9.88 7.64 0 0 272
ttH -0.01 0.16 0 0.06 -0 0.05 0 0 0.15
WH -0.16 -0.27 0.59 -0.16 1.61 0.24 0 0 0.36
ZH -0.21  -0.09 0 -0.10 0.87 3.57 -0.03 0 1.71

Table 4.18: MET uncertainties from ScaleSoftTerms for different production modes
in each 2011 category [%)].
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Category 1-4 5 6 7 8 9 10 11 12

gegF+VBF -0 -0.01 -0.02 -0.05 1.46 -4.43 0 0 0.79
ttH -0.14 -0.44 148 -0.34 0.79 026 008 0 0.15
WH -0.03 -0.23 1.19 -0.03 0.23 0.09 0 0 0.36
ZH -0.03 -0.19 0.73 -0.01 0.09 0.99 -001 0 -0.64

Table 4.19: MET uncertainties from ResoSoftTerms for different production modes
in each 2011 category [%)].

Category 1-4 ) 6 7 8 9 10 11 12
geF+VBF 0 0 0.01 0 0.21 0.80 0 0 0.32
ttH 0.03 035 045 012 0.06 009 135 0 0.34
WH 0.02 007 O 0.03 0.23 0.03 0 0 046
7H 0.02 0 0 0.01 001 091 002 0 061

Table 4.20: MET uncertainties from the “merged” term for different production
modes in each 2011 category [%].

Category low ptt high ptt vbfloose vbf tight 7 8 9 10 11 12
geF 0 -0.42 2.85 0.04 -0.30 0.18 0 0 0 0
VBF 0.02 -0.41 0.34 -0.02 -0.22  0.26 0 0 0 0
ttH 0.04 -0.50 14.59 0.56 0.08 0.23 0.27 0 -0.15 -0.01
WH+ZH -0.01 -0.41 11.40 0 -0.08 0.10 0.06 0.02 -0.92 -0.05

Table 4.21: JET uncertainties from JVF for different production modes in each 2011
category [%)].

Category low ptt high ptt vbf loose vbf tight 7 8 9 10 11 12
ggF 0.01 0.06 0.01 0.07 -0.99 -0.51 -0.51 0.18 0 0
VBF -0.02 -0.02 -0 -0.02 -0.01 0.05 -0.49 0.26 0 0
ttH 0.10 0.18 0.10 0.07 -0.46 0 -0.03 028 049 O
WH+ZH -0 -0.02 -0.01 -0.05 -1.53  -0.99 -0 0.07 0.18 0.15

Table 4.22: JET uncertainties from PileUpRand for different production modes in
each 2011 category [%].

Category low ptt  high ptt  vbf loose  vbf tight 7 8 9 10 11 12
ggF -0.02 -0.19 -0.01 -0.19 0.67 249 047 268 -3.80 0
VBF 0.53 0.83 0.46 0.67 -0.54 -1.70 -1.25 3.24 -0.68 0
ttH -0.84 -1.42 -0.68 -1.06 -4.04 -3.92 1.03 0.16 0.47  -0.96
WH+ZH -0.04 0.85 -0.02 0.57 225 4.88 -1.27 0.24 -0.17 -0.35

Table 4.23: JET uncertainties from JER (jet energy

tion modes in each 2011 category |

%).

resolution) for different produc-



Category low ptt  high ptt vbfloose vbf tight 7 8 9 10 11 12

ggF -0 -0.44 3.14 0.69 0.40 -2.15 0 0 2.10  -0.27
VBF -0.08 -0.38 0.33 0.33 -0.56 -1.14 -1.44 0 -1.25  5.76
ttH -0.19 -0.57 10.61 1.12 -0.58 -0.37  0.29 0.09 0.55  -0.04
WH+ZH -0.01 -0.42 11.51 -0.97 0.06 -0.10 0.07 -0.07 3.37 0.36
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Table 4.24: JET uncertainties from JESMu for different production modes in each
2011 category [%)].

Category low ptt high ptt vbfloose vbf tight 7 8 9 10 11 12

ggF -0.04 -0.45 5.58 8.35 3.65 -11.47 -3.16 0 14.28 14.65
VBF -1.42 -1.36 1.49 4.80 -1.71  -9.66  -5.90 0 1798 5.75
ttH -2.29 -1.01 -7.11 3.10 -3.39 -2.08 -0.96 0 6.29 -0.04
WH+ZH -0.01 -0.38 3.45 6.45 1.72 -1.30 -0.41 -0.23 16.43  5.02

Table 4.25: JET uncertainties from JESFlavComp for different production modes in
each 2011 category [%].

Category low ptt  high ptt  vbf loose vbf tight 7 8 9 10 11 12

ggF -0.02 -0.43 3.05 4.32 1.64 -6.91 0.81 0 8.40 6.26
VBF -0.71 -0.69 0.74 2.44 -1.37  -6.04 -2.43 0 12.41 0.05
ttH -1.27 -0.57 -12.89 0.79 -1.88  -1.20 -0.52 0 3.34 -0.02
WH+ZH 0.01 -0.41 11.26 2.90 095 0.82 -0.24 -0.09 7.07 2.51

Table 4.26: JET uncertainties from JESFlavResp for different production modes in
cach 2011 category [%].

Category low ptt  high ptt  vbf loose  vbf tight 7 8 9 10 11 12
ggF -0.02 -0.43 2.93 2.70 1.51 -0.99 0.81 0 6.99 6.26
VBF -0.54 -0.57 0.82 1.47 -0.90 -0.89 -1.32 0 12.39  0.05
ttH -1.21 -0.58 -16.20 -0.60 -1.99 -0.73 -1.61 -0.90 3.17 0.13
WH+ZH -0.01 -0.44 11.37 0.95 0.78 -0.09 -0.14 -0.09 6.98 2.08

Table 4.27: JET uncertainties from NPModellingl for different production modes in
each 2011 category [%].

Category low ptt  high ptt  vbfloose vbf tight 7 8 9 10 11 12

ggF -0.06 -0.46 6.73 11.72 0.29 -0.99 -1.11 0 6.89 15.42
VBF -1.91 -1.81 1.47 6.76 -1.38  -0.89 -1.32 0 11.97  0.05
ttH -0.92 -0.57 11.54 4.46 -2.48 -0.54 -0.92 -0.90 2.20 0.10
WH+ZH -0.03 -0.36 11.59 9.58 0.43 -0.01 -0.12 -0.05 6.38 1.73

Table 4.28: JET uncertainties from EtalnterCalib for different production modes in
each 2011 category [%].
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Category low ptt high ptt vbfloose vbf tight 7 8 9 10 11 12

ggF 0.02 1.44 10.01 2.96 1.05 3.28 0.29 0 6.80 6.87
VBF 0.43 1.40 1.21 1.49 1.15 290 4.24 0 10.11  0.12
ttH 0.87 1.85 4.42 3.04 244 1.01 190 0.90 2.33  0.23
WH+ZH 0.02 1.40 4.93 1.67 0.56 0.35 0.18 0.08 4.99 1.76

Table 4.29: JET uncertainties from the additional 1% uncertainty for jets in n €

[1.5;2.4] for different production modes in each 2011 category [%].
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e Electrons and Muons. For the coupling categories, the electron and muon
energy scale and smearing uncertainties were found to be negligible. There-
fore, only the uncertainties on the lepton scale factors and the lepton isolation
requirement are included in the systematics. Lepton uncertainties are only ap-
plied to those categories selecting leptons. Results for lepton scale factors are
summarized in Tables 4.30 and 4.31, while for the lepton isolation a system-
atic of 0.3% is assigned in the W H leptonic category, 0.6% in the ZH leptonic

category, and 0.4% in the t¢H leptonic category.

Category ttH leptonic ZH leptonic W H leptonic

g 1.91 0.00 0.62
VBF 0.86 0.00 1.00
WH 0.41 0.00 0.44
ZH 0.49 0.00 0.42
tHH 0.41 0.00 0.39

Table 4.30: Uncertainty in [%] on the electron scale factors for the ¢t H leptonic, ZH
leptonic, and W H leptonic categories.

Category ttH leptonic ZH leptonic W H leptonic

ggl 0.05 0.00 0.27
VBF 0.15 0.00 0.16
WH 0.21 0.00 0.21
ZH 0.20 0.41 0.25
ttH 0.28 0.29 0.23

Table 4.31: Uncertainty in [%)] on the muon scale factors for the t¢H leptonic, ZH
leptonic, and W H leptonic categories.

e B-tagging. Migrations to and from the tH categories can occur do to un-
certainties associated with the b-tagging of jets. To assess the uncertainty, the
scale factors for b-jets are varied according to their uncertainties. These scale
factor uncertainties are dependent on the jet’s truth label (b/c/t, other). The
resulting migrations are then taken as the systematic for b-tagging jets in the

ttH categories. In total, there are 96 eigenvectors, which are all evaluated.
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However, because they are all quite small, only the largest 10 uncertainties are
considered for this analysis. Table 4.32 shows the resulting 10 systematics from

b-tagging.

mistagd8 btagld btag23 btag24 ctag23 btagl9 mistag32 ctag24 Dbtag20 mistagd?

Hadronic ttH Category

ggF 1200  0.158 0202 0012 0439 8530 1540 14200 1.090  2.270
VBF 0452 0366  0.053 0499  0.807 2000 1920  0.109 1440  3.750
WH 0204 0385 0151 0556 0529 2120 1840  0.041 1610  3.760
ZH 0847 0131 0284 0253 0204 0649 0180  0.069 0901  1.600
#H 0743 0493 0246 0.882  0.675 0281 0.032 0008 0216 0.471

Leptonic ttH Category

ggF 0375 0147 0864 0033 0362 7.140 0408 9540 0466  2.480
VBF 0684 038 0180 0614 0466 4540 4340 4560 1750  4.920
WH 0047 0030 0080 0065 0056 0.800  0.637 0012 0597  5.380
ZH 0276 0153 0276 0196 0302 1560  4.680 0031  0.736  3.100
#H 0440 0.266  0.180 0425 0420  0.104 _ 0.047 _ 0.004 _ 0.076 _ 0.212

Table 4.32: Systematics in [%] for the 10 leading uncertainties associated with the

flavor

tagging of jets.

4.8.5 Mis-modeling Uncertainties

VBEF Selection. The MVA VBF selection relies very much on the shapes
of angular jet variables. These shapes are not well modeled by the nominal
Powheg+Pythia sample, which is LO in Higgs + one jet. The second jet is
always modeled by the parton shower in Pythia. Differences in the shapes of
these variables can lead to migrations in and out of the VBF categories, so a
systematic must be assigned to the ggF' yields in the two VBF categories. To
calculate the systematic, the nominal ggF sample was reweighted to a MiNLO
HJJ sample, which is NLO for Higgs + two jets. This reweighting was done
separately for two different variables used in the BDT, A¢;; and n*; the resulting
weights are shown in Fig. 4.8. The reweighted Powheg samples were then
passed through the nominal BDT, and the resulting changes in yield in the two

categories are taken as the uncertainties. These are summarized for the two
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variable reweightings in Table 4.33, and the resulting BDT discriminant shapes

are shown in Fig. 4.9.
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Figure 4.8: Weights derived by taking the ratio of the normalized MiNLO HJJ and
Powheg ggH samples.
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Figure 4.9: The resulting Powheg BDT distributions with (red) and without (black)
reweighting.

Reweighted Sample Tight VBF Loose VBF
HJJ A¢jj -11.18 -8.93
HJJ n* -6.60 -4.82

Table 4.33: Uncertainty on the gluon-fusion yield in the two VBF BDT categories
calculated from reweighting the Ag;; and n* distributions to MiNLO HJJ.

e Underlying Event. The underlying event (UE), or multiple parton interac-

tions, are the secondary interactions that happen in an event in addition to



106

the hardest scatter. These interactions are due to the composite nature of the
protons that are colliding. To evaluate the uncertainty due to the modeling
of the UE, ggF and VBF samples were produced without multiple parton in-
teractions. The ratio of the sample with no UE to the nominal sample in the
Agp ;; distribution was fitted with a polynomial function. The A¢y ;; distri-
bution was used because it was found to be quite sensitive to the UE due to
the difference in balance when the second jet is produced from the UE ver-
sus when it is produced from the hard interaction producing the Higgs boson.
This function was then used to reweight the nominal sample, and the yields in
each category were compared to those without the reweighting. While the UE
doesn’t contribute much to the photon isolation cone, as the radiation is gener-
ally softer, it does impact the jet multiplicity of an event. Events in the sample
without the UE tend to migrate towards the categories which do not require a
selection on jets. The resulting uncertainties for each category are summarized
in Table 4.34. Dashes show the cases where the systematic on the UE was less
than or comparable to the statistical error. The effect of the underlying event
was studied independently for the V H contributions in the t¢H categories and
were found to be 30% for the hadronic category and 13% for the leptonic ttH
category. Underlying event studies with 7 TeV MC showed consistent results,

so the same systematics values were used for both datasets.

Category 1 2 3 4 5 6 7 8 9 10 11 12
ggF UEsys 40.1 +01 401 401 -6 -5 -6 - - - 60 -5
VBF UE sys +1.2 +1.2 412 +12 -26 -1.7 -28 -22 -1.7 - -4 -4

Table 4.34: Uncertainty [%] on the category migrations due to the modeling of the
underlying event.
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4.8.6 Diphoton Mass Scale Systematics

Systematic uncertainties on the photons’ energy scale will affect the invariant mass
of the diphoton system. 64 sources of uncertainty on the energy scale are propagated
through the analysis in order to measure the bias on the diphoton invariant mass.
These uncertainties come from many different sources, such as the difference between
calibration using the EM strip layer versus the middle layer of the EM calorimeter, the
effects of material mismodeling, the lateral leakage uncertainties, the shower shape
variations when changing Geant4 versions, and the mismodeling of the electronic noise
level or pedestal. Some uncertainties can be summed quadratically, which reduces
the total number of independent systematics to 29. To calculate the systematics
associated with the photon energy scale, the method known as ‘mpy bias’ is used.
With this method, a ggF sample with my =125 GeV is created with one variation in
the energy scale. This sample is then fitted with the signal model and the fitted mass,
m'y, is compared with the fitted mass from the nominal sample. The systematic is

m

then taken as m/ﬁn;HH —1. The full list of energy scale systematics for each category is

given in Table 4.35 for the mass analaysis and in Table 4.36 for the coupling analysis.

4.8.7 Background Model Systematics

e Spurious Signal. The spurious signal is the systematic on the signal yield
based on the choice of background parameterization. The method of calculating

the spurious signal and the results per category are described in Section 4.6.2.

e Background Mass Bias. The impact on the mass scale due to the choice of
background parameterization is also taken as a systematic. This is measured
using an Asimov dataset generated from the smeared background MC as de-

scribed in Section 4.6.1 and an injected signal (x =1) using an Asimov dataset
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Cl1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Zee 0.04  0.04 0.06 0.07  0.11 0.04 0.03 0.06 0.06 0.12
L2Gain 0.11 0.19 0.08 0.15 0.4 0.09 0.19 0.06 0.14 0.28
LatLeakUC 0.04  0.03 0.06 0.08 0.06 0.01 0.01 0.02 0.03 0.02
LatLeakCV - 0.01 - 0.01 - 0.09 0.07 0.17  0.17 0.14
Convlnefficiency 0.03 0.02 0.02 0.04 0.04 0.01 - 0.01 0.01 0.01
ConvFakeRate - 0.01 - 0.02 - 0.01 - 0.03 0.03 0.02
Geant4 0.02 0.01 0.01 0.03 - 0.01 - 0.01 0.02 -

Pedestal 0.01 0.03 - 0.02 0.01 0.01 0.03 0.02 0.01 -

ConvRadius 0.01 - 0.01 0.01 0.03 0.04 0.04  0.02 0.05

L1Gain - - 0.06 0.04 0.03 0.01 - 0.02 0.02 0.02
LArCalib_Barr 0.11 0.13 0.08 0.09 0.07 0.05 0.09 0.04 0.06 0.03
LArCalib_EC - - 0.03 0.03 0.03 - - 0.02 0.02 0.03
LArUnconv_Barr  0.03 0.04 0.04 0.05 0.02 0.01 - 0.02 0.02 0.02
LArUnconv_EC - - - - 0.01 - - - - 0.01
LArElUnc_Barr 0.05 0.06 0.13 0.13 0.13 0.03 0.03 0.06 0.08 0.06
LArElUnc_EC - - 0.01 0.01 0.2 - - 0.01 0.01 0.12
LArCalibElec 0.01 0.01 0.02 0.01 0.01

- - - 0.01 0.01
MatID1 0.06 0.06 0.07 0.08 0.02 0.05 0.04 0.05 0.06 0.02
MatID2 - - 0.02 0.03 0.08 - - 0.02 0.02 0.05
MatID3 - - 0.01 0.01 0.02 - - 0.01 0.01 0.02
MatID4 0.01 0.01 0.01

Presampler_Barr 0.03 0.04 0.04 0.04 0.04 0.03 0.03 0.02 0.03 0.02
Presampler EC - - 0.01 0.01 0.16 - - 0.01 0.01 0.1
S12_Barr 0.03 0.03 0.02 0.02 0.03 0.01 0.03

- 0.01 0.01
S12_EC - - 0.01 0.01 0.01 - - 0.01 0.01 0.01
MatCalo_Barr 0.03 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01
MatCalo_EC - - - - - - - - - -
MatCryo_Barr 0.03 0.02 0.02 0.03 0.02 0.01 0.01 0.01 0.01 0.01
MatCryo_ EC - - 0.01 0.01 0.16 - - 0.01 0.01 0.09
Total 0.207 0.293 0.224 0.295 0.553 0.167 0.254 0.216 0.274 0.403

Table 4.35: Systematics from the photon energy scale using the my bias method for
the 10 mass categories. The dashes indicate the systematic rounds to 0.

generated from the signal model. The injected signal is fixed at a particular
mass value, and then the nominal signal+background model is fitted to the Asi-
mov background+injected signal sample. The difference between the injected
mass and the fitted mass is taken as the uncertainty. A scan of injected mass
points is done in a mass region between 119 GeV< m.,, <135 GeV and the
largest difference between the injected mass and the fitted mass is taken as the
final uncertainty. This scan is performed independently for each category, and
the results are shown in Table 4.37. The background mass bias is only taken
into account in the mass analysis. For the coupling analysis, the Higgs boson

mass is fixed to the combined vy 4+ ZZ measured mass.
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C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 Cl11 C12

Zee 0.03 0.03 0.07 0.09 0.05 0.05 0.05 0.04 0.06 0.03 0.05 0.05
L2Gain -0.10 -0.18 -0.11 -0.21 -0.15 -0.19 -0.22 -0.23 -0.16 -0.17 -0.18 -0.18
LatLeakUC 0.04 0.02 0.04 0.05 0.04 0.05 0.04 0.01 0.03 0.02 0.04 0.03
LatLeakCV 0.04 0.03 0.08 0.09 0.06 0.06 0.06 0.06 0.06 0.03 0.06 0.06
Convlnefficiency 0.02 - 0.02 0.03 0.02 0.02 0.01 - 0.02 -0.01 0.02 0.01
ConvFakeRate 0.01 - 0.01 0.03 0.01 0.01 - -0.01  0.01 -0.02 0.01 0.01
Geant4 0.01 0.01 0.01 0.01 0.02 0.01 0.02 -0.01 0.02 -0.02 0.01 0.01
Pedestal -0.01  -0.03 -0.01 - -0.02 -0.01 -0.02 -0.05 -0.01 -0.03 -0.02 -0.03
ConvRadius -0.01  -0.01 -0.02 - -0.01 - - -0.03 -0.02 -0.04 -0.01 -0.02
L1Gain - -0.01  0.05 0.05 0.02 0.02 0.02 0.03 0.03 - 0.03 0.01
LArCalib_Barr -0.10 -0.14 -0.05 -0.06 -0.08 -0.10 -0.09 -0.11 -0.08 -0.12 -0.09 -0.09

LArCalib_EC - - -0.03 -0.03 -0.01 -0.02 -0.02 -0.01 -0.02 -0.03 -0.01 -0.02
LArUnconv_Barr  0.02 0.02 0.02 0.04 0.03 0.03 0.03 -0.01 0.02 -0.01 0.02 0.02

LArUnconv_EC - - - - - - - - - - - -0.01
LArElUnc_Barr -0.05 -0.06 -0.09 -0.10 -0.08 -0.08 -0.09 -0.10 -0.08 -0.10 -0.08 -0.08
LArElUnc EC - - -0.06 -0.06 -0.03 -0.03 -0.04 -0.05 -0.04 -0.04 -0.03 -0.03
LArCalibElec - -0.01 0.01 0.02 0.01 0.01 - - - -0.02 0.01 -0.02
MatID1 0.07 0.07 0.05 0.05 0.06 0.07 0.05 0.05 0.06 0.04 0.07 0.06
MatID2 - - 0.03 0.04 0.02 0.02 0.02 - 0.02 - 0.02 0.01
MatID3 - - 0.02 0.02 0.01 - 0.01 - 0.01 - - -
MatID4 - - 0.01 0.01 - 0.01

Presampler_Barr 0.04 0.04 0.03 0.02 0.03 0.03 0.03 0.04 0.04 0.03 0.03 0.03
Presampler_ EC - - 0.02 0.02 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01
S12_Barr 0.02 0.03 0.01 0.01 0.01 0.02 0.02 0.03 0.01 0.03 0.02 0.02

S12_EC - - 0.01 0.01 0.01 - 0.01 0.01 0.01 0.02 - -
MatCalo_Barr 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02
MatCalo_EC - - - 0.01 - - 0.01 0.01 - - - -
MatCryo_Barr 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02
MatCryo_EC - - 0.04 0.04 0.02 0.01 0.02 0.03 0.02 0.02 0.01 0.01

Table 4.36: Systematics from the photon energy scale using the my bias method for
the 12 coupling categories. The dashes indicate the systematic rounds to 0.

Category Bkg Sys

C1 0.10%
C2 0.06%
C3 0.05%
C4 0.11%
C5 0.16%
C6 0.13%
C7 0.06%
CS8 0.14%
C9 0.18%
C10 0.20%

Inclusive  0.18%

Table 4.37: Systematics from the choice of background parameterization as measured
from the smeared background MC sample with an injected Asimov signal. Results
are shown for each mass category and for the inclusive case.
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4.9 Statistical Model

All aspects of the analysis are combined in one likelihood, which is then used to
describe many different characteristics of the data. This likelihood encompasses the

observable, m.,, parameters of interest, my for the Higgs boson mass analysis, and

Ns
ST
Ng

the signal strength in relation to the expected SM signal (u = ( )) for the coupling
analysis, and the nuisance parameters. These nuisance parameters describe the effect
the different uncertainties in the analysis have on the final measured result. For
the mass analysis, the signal strength i is treated as a nuisance parameter without
any constraints, meaning it’s allowed to float freely in the fits. First, the likelihood
for an individual event is constructed using the signal and background probability

distributions (fs and fg) described in Sections 4.5.1 and 4.6.

1Ns(0)

Ngp(0)
1Ns(8) + Ng(0)

L, 0|m.,) = )fS(mw’O) + fe(m,,]60)  (4.21)

Here @ represents the vector of nuisance parameters, Ng is the number of expected
SM signal events, Ng is the number of background events, and fs and fp are from
the pdfs for the signal and background events respectively.

The global likelihood is then the product of all the event likelihoods

N/

N/
(uNs + Np)™  _iNg+np T1 £ (s 61m...1)G(6) (4.22)
k

N"!

E(N79|mw> =

where m.~ is now the full set of measured m,, values from the N’ events in the
dataset. The first term in the global likelihood is the Poisson probability for the
observed number of events (N’). The G(0) term is a unit Gaussian constraint for

nuisance parameters.
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Furthermore, if the dataset is broken into independent categories, then the global

likelihood becomes the product of the above likelihood for each category:

N

L(p, 0lmyy) = HEC(,u, Oc|1mymy,c). (4.23)

c

The vector of nuisance parameters (6) contains the background model parameters and
all the uncertainties within the analysis as described in Section 4.8. These nuisance
parameters allow the signal yields and resolutions to vary in the model within their

uncertainties (J)

Ng — Ns(l + 5syst05yst)- (424)

Most nuisance parameters are constrained by a Gaussian with unity width and vary
within £50 around the mean of 0. In some cases, a negative fluctuation is undesirable;

for these cases, the nuisance parameters are modeled using a log-normal distribution

Ng — NgelV1+99)9, (4.25)

Systematics on the signal yield and the signal resolution are modeled with this log-
normal function. In cases where uncertainties are correlated, they share the same
nuisance parameter. The measured values are then those from maximizing the like-
lihood.

The profile likelihood for the parameter of interest is then defined as the ratio
of the likelihood where the nuisance parameters are the values that maximize the

likelihood for the parameter of interest hypothesis (my for the mass analysis; p for
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the coupling analysis) over the likelihood where all parameters are at their values

which maximize the likelihood function

>

L(m, 1, 0) (4.26)

)

O]

AMmp) =

[wa}Y

'C(TnAHa ,lAL,

The profile likelihood ratio lies between 0 and 1, where a value of 1 means the tested
value of mpy or p matches well with the data.
In the case of the signal strength, a negative value is non-physical. Therefore, the
modified profile likelihood is used
L) -
==, =0
L(j1,0
Ap) = 0O (4.27)
E(u{)(u))7 i<0
£(0,6(0))
The significance of an observation is quantified by calculating the compatibility of the

observed data and a background-only hypothesis. The estimator for the statistical

test is the test statistic (¢p) defined as
o= (4.28)

The compatibility between the observed data and the background-only hypothesis is
then quantified by the p-value given by integrating the distribution of test statistics

from the observed value to infinity

“+o0o A
o — / (10, 8(0))ddo. (4.29)
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This gives the probability that a background-only process would yield the observed
results. The probability is then turned into a significance using the quantile of a

Gaussian with unit width

7 =& (1 —py) (4.30)

where @ is the inverted cumulative distribution of the gaussian. A discovery requires
a significance greater than Z =5, and this was achieved in 2012. After the discovery,
the focus turned to measurement of the new particle’s properties. To do this, the test

statistic

Gu = —2InA(p) (4.31)

is built and the measured p value is that which minimizes g,. Here asymptotics
approximations are used which assume the behavior of A\(u) follows a x? distribution.
As such, \(u) is taken as equivalent to a x? change with respect to the minimum. In

this way, confidence intervals are constructed around the measured p values.

4.10 Results

The analysis presented here is an updated version of that which was used to discover
the Higgs boson. For the previous analysis, nine categories were used, eight of which
were defined solely on the photon characteristics and one tight VBF category [33].
Figure 4.10 shows the pg value for the diphoton channel at the time of discovery and

with the current version of the H — =~ coupling analysis. The significance at that
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time for the combined decay channels was 5.9 . A comparison between the analysis
without the VBF category and with the category is shown. As can be seen, the VBF
category contributed a lot of sensitivity for the discovery. The analysis has been
continually updated and reoptimized with the inclusion of the rest of the 2012 data,
and the analysis presented in this paper is the final version of the Higgs decaying to

diphoton analysis before the start of Run 2 of the LHC.

o> 10g ] o° ET T T "~ T T T T T T T T T3
= F E = 10%E ----SM expected ATLAS Internal =
8 1 = 8 Observed H - yy -
3 = S m,, = 125.4 + 0.4 GeV E
10 . 3

3 10'1; ””””” 7%“

1 é 102 %7 é (o}
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10* Data 2012, {5 =8TeV, [ Ldt=5.9fog 10° i ””””””” 240
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Figure 4.10: The p, value for the diphoton channel at the time of discovery [33] (left).
Results are shown for a fully inclusive case, for only 9 categories defined by the photon
kinematics, and for the full analysis including the 2-jet VBF category. On the right
is the py plot for the latest version of the diphoton Higgs analysis presented in this
thesis.

The diphoton invariant mass distributions in data and the corresponding fits are
shown in Fig. 4.11 and 4.12 for the inclusive and combined VBF categories respec-
tively. Both 7 and 8 TeV are shown, and the data events are weighted by the cor-
responding signal-to-background ratio of the category it belongs to. For the fits, the
Higgs boson mass was fixed to the combined H — vy and H — ZZ mass measure-
ment 125.4 GeV.

The excess shown in Fig. 4.11 has a local observed significance of 5.2 ¢ while the

expected significance is 4.7 . The measured p value from the fits is

=117+ O.23(stat)f8:(l)g(syst)fgiég(theory). (4.32)
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Figure 4.11: The inclusive diphoton invariant mass distribution. Events are weighted
by the signal-to-background ratio in its category. Both 7 and 8 TeV data is shown
here. The dotted line is the background-only model, while the solid curve is the signal
plus background from the fit. Here, the curves are the sum of the fitted models in
each category. The lower panel shows the difference between the data and the fitted
background model.

When all the uncertainties are added in quadrature, the result is u = 1.171)3%.
This result has a 0.7 o compatibility with the Standard Model. As shown in Fig. 4.13,
the inclusion of the mass scale systematics broadens the i dependence on the Higgs
boson mass, so only a very small dependence on the mass exists in the + 0.4 GeV
range around the measured mass.

The measured signal strengths for each of the twelve defined categories is shown

in Fig. 4.14. For this measurement, the uNg terms in the likelihood were broken

down into the individual production processes:

uNs =Y ppN,, (4.33)

p
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Figure 4.12: The diphoton invariant mass distribution for the combined VBF cate-
gories. Events are weighted by the signal-to-background ratio in its category. Both
7 and 8 TeV data is shown here. The dotted line is the background-only model,
while the solid curve is the signal plus background from the fit. Here, the curves are
the sum of the fitted models in each category. The lower panel shows the difference
between the data and the fitted background model.

where p represents each production process, f, is the signal strengths of the individual
production processes, and [V, is the corresponding expectation in the Standard Model.

Each is compatible with the combined 4 value. Figure 4.15 shows the breakdown
of the signal strengths into the combined categories for each production process type,
and Fig. 4.16 shows the breakdown of the statistical and systematical errors. The

measured signal strengths and their uncertainties are
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fger = 1.32 4 0.32(stat) "0 o (syst) T0 17 (theory)
pvpr = 0.8 £ 0.7(stat) 702 (syst) 02 (theory)

e = 1.0 + 1.5(stat) 703 (syst) 702 (theory) (4.34)
pzn = 01755 (stat) T g (syst) F g (theory)

i = 1.6725(stat) T0 (syst) T0 7 (theory)

For the measurements, the tH and bbH production processes were assumed to be

equal to the Standard Model prediction (p;zy =1 and 5y =1).

5 35T Ty
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Figure 4.13: The combined measured signal strength (1) versus the Higgs boson mass.
A very small dependence is observed. The hatched band is excluding the systematics
on the mass scale, while the shaded curve includes the mass scale systematic. The
vertical dashed line is the combined measured mass of my =125.4 & 0.4 Gev.

The correlations between the ggF and VBF production modes was studied by
setting the tH and bbH contributions to the Standard Model expectations, and then
profiling the signal strengths pizm, pww, purm. The best fit value for py pp X pger and
the 68% and 95% confidence level contours are shown in Fig. 4.17.

Ratios of the signal strengths for different production modes were also measured

in order to have measurements independent of the diphoton branching ratio. Again
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Figure 4.14: The measured signal strengths for each of the twelve coupling categories.
The dashed vertical line at u =1 shows the Standard Model expectation, and the
hatched region shows the 68% confidence interval for the combined p measurement.
For ttH hadronic category, the dashed red line shows the limit at which the fitted
signal strength becomes negative in the mass fit range.
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Figure 4.15: The measured signal strengths for categories defined for each production
process type. The dashed vertical line at p =1 shows the Standard Model expecta-
tion, and the hatched region shows the 68% confidence interval for the combined g
measurement. For VH categories, the dashed red line shows the limit at which the
fitted signal strength becomes negative in the mass fit range.
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Figure 4.16: The measured signal strengths for categories defined for each production
process and the combined p. The Standard Model expectation is designated by the
vertical dashed line.
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Figure 4.17: The 2D contours for jpger and pypp. The ‘47 indicates the best fit
value, and the ‘x’ indicates the Standard Model expectation. The solid (dashed)
curve represents the 68% (95%) contour.
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the p;y and pH contributions were fixed to 1, and the other production process not

being measured were profiled. The ratio results are

pvsr/tggr = 06503

pvi/ fggr = 0.6757 (4.35)

,utfH/,uggF = 121_3421

While these values are not measured to be exactly the Standard Model expectation,

they are all consistent with it.

4.11 Summary

This chapter presented the signal strength measurements for the Higgs boson in the
diphoton decay channel. Events were divided into twelve different categories defined
to maximize production process purities for each of the five processes. The inclusive
signal strength was measured to be u =1.17+0.27 which is less than 1 ¢ from the
Standard Model expectation. Additionally, the signal strength for each individual
production process was measured. The signal strength for the VBF process was
measured to be puypr =0.7 £0.7. Signal strength ratios of each production process
to the ggF production process were also measured and found to be compatible within

1 o with the Standard Model expectation.
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Chapter 5

Differential Cross Sections for the

Higgs Boson

This chapter summarizes the fiducial and differential cross section measurements of
the Higgs boson decaying into two photons with the 2012 data. The Higgs boson
signal is extracted in a similar way to the mass and coupling measurements described
in Sec. 4.5.1. The measured signal is at detector level, meaning it is measured after the
particles hit the detector and are reconstructed. This detector level measurement is
then unfolded to particle level using a bin-by-bin unfolding technique. Here, particle
level is the truth-level distribution before any detector acceptance is applied. The
unfolding factors account for the resolution effects of object reconstruction and the
efficiencies associated with triggering and reconstruction. Care is taken to ensure the
unfolding is as model independent as possible. The unfolded distributions are then
compared to state-of-the-art theoretical predictions of the Standard Model Higgs
boson. In addition, non-perturbative and fiducial acceptance factors are derived to
allow comparison to theories which are at parton level and/or do not decay the

Higgs boson. Variables probing the nature of the Higgs boson were selected for this
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study, and in particular, distributions concerning the production of the Higgs boson
in association with jets were a priority. The variables which are investigated are listed
below.

Inclusive variables:

e The transverse momentum of the diphoton system, p1 ', is sensitive to the dif-

ferent production modes and any associated jets.
e The rapidity of the diphoton system, |y,,|, is sensitive to the underlying PDFs.

e The angle between the diphoton system and the z-axis, |cos8*|, defined using

the Collins-Soper rest frame [130], is sensitive to the spin of the Higgs boson.

e The orthogonal component of the diphoton pr to the "thrust-axis“ as defined
in Eq. 4.7, pl. This variable is sensitive to the same physics as the diphoton
pr, but has better experimental resolution. As described in Sec. 4.4, pJ. is used

in the categorization for both the mass and coupling analyses.

e The difference in rapidity between the two photons, |Ay,,|, is sensitive to the

decay properties of the Higgs boson.

e The jet multiplicity, Njes, in Higgs boson events is sensitive both to the differ-
ent production mechanisms and to the QCD radiation. The Nj. spectrum is
measured for two cases, once for jet pr >30 GeV and once for jet pr >50 GeV

in order to probe different scales.

e The largest beam thrust, 71, of a jet is defined as [131]
71 = |Prjer]e” Wi ¥l (5.1)

The beam thrust is important for understanding QCD radiation.
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e The beam thrust of an event, ), 7, is also important for understanding QCD

radiation, particularly in the case of jet-vetoes.
1-Jet inclusive variables:

e The pr of the leading jet, prje- This is also measured for ithe exclusive case,

Njers =1.
e The rapidity of the leading jet, |y e |-
e The scalar sum of pr for all jets, Hr jes, is sensitive to the scale of the event.
2-Jet inclusive variables:
e The pr of the subleading jet, pr jeo.
e The rapidity of the subleading jet, |yjes|-

e The pr of the diphoton+dijet system, pr..;;, which is also sensitive to the

presence of a third jet.

e The invariant mass of the dijet system, m;;, which is important for isolating

the VBF and V H production processes.
e The azimuthal angle between the two leading jets, Ag;;.

e The difference in rapidity between the two leading jets, Ay;;, which is sensitive

to the VBF production mode and the CP-quantum numbers.

e The azimuthal angle between the diphoton and dijet systems, A¢,, ;;, which

as described in Sec. 4.4 is used to categorize events in the coupling analysis.
3-Jet inclusive variables:

e The pr of the jet with the third highest pr, pr jess.



124

2D distributions
e p1' X Njes, the Higgs boson pr spectrum in bins of jet multiplicity.

e p.’ x cos6*, the Higgs boson pr spectrum in bins of cos 0*.

5.1 Data and MC Samples

The nominal reconstruction level datasets used in the differential cross section analysis
are the same 2012 data and 8 TeV MC samples as used in the mass and coupling
measurements described in Sec. 4.1 and are normalized in the same way.

For systematics studies ggF events were generated using different MC generators
and one sample was generated using a different showering program. All samples are
generated with the CT10 PDF and are normalized to the NNLO+NNLL QCD cal-
culations with NLO electroweak corrections. To assess the impact of the showering,
hadronization and underlying event models, the nominal POWHEG ggF' events at par-
ton level were passed through HERWIG [132, 133] and JIMMY [134]. For generator
modeling systematics two ggF samples in association with jets were produced with
POWHEG using the MiNLO procedure [99], and then showered using PYTHIAS. One
sample is an H+1jet sample, which generates the Higgs boson in association with 1
jet at NLO and includes H+0jets at NLO. This sample is the MiNLO HJ sample.
The second sample is H+2jets events at NLO and are referred to as MiNLO HJJ.
This sample only includes H+0/1jet events at LO. More details on the POWHEG
generation of the Higgs boson in association with jets is in Ref. [97].

Another ggF sample was generated with Sherpa using the CT10 PDF and the
internal showering within Sherpa. The tune for the multiple parton interactions is
the authors’ default tune. This sample was generated with Sherpa v1.4.3 [111], which

generates Higgs boson events with up to four partons in the final state at LO. The
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CKKW procedure [135] is used to match the matrix element to the parton shower.
This sample has been fully reconstructed with ATLAS software and is used to estimate
the model dependence of the unfolding factors.

Extra samples were generated at truth level for a Higgs boson mass of 125.4 GeV,
the measured mass from H — vy and H — ZZ in ATLAS [136], in order to compare
the unfolded distributions to theory predictions.

The VH and ttH processes were generated and showered with PYTHIAS using
the CTEQG6L1 PDF'. This is the same generation setup as is used for the reconstruc-
tion level MC. Similarly, the VBF process is also generated in the same way as the
reconstruction level MC. Events are generated at parton level by POWHEG using the
CT10 PDF and then showered with PYTHIAS.

MiNLO HJ and MiNLO HJJ samples were also produced at particle level for a
Higgs boson mass of 125.4 GeV. They were generated as before using the CT10 PDF
and interfaced to PYTHIAS for the showering, hadronization, and underlying event.

Parton level distributions for pJ’, |y,4], Ay,,, and | cos6*| variables were calcu-
lated with HRes2.2 [95], which is accurate to NNLO+NNLL in QCD but includes
no electroweak corrections. The HRes predictions are then corrected in two ways:
the calculation is corrected to particle level using derived non-perturbative correc-
tion factors, and a small correction is applied to account for the photon isolation

requirement. Both of these corrections will be described in Sec. 5.8.

5.2 Reconstruction-Level Selections

5.2.1 Object Selection

The selection of reconstructed photons is the same as described in Sec. 4.2, where

two photons are selected that both pass ‘tight’ ID requirements and isolation cuts.
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Object selections are also similar to those described in Sec. 4.2, but with the

following modifications:

e Jets. For all variables except the 7 variables, a flat pr >30 GeV requirement is
applied to all jets. Instead of requiring |n| <4.5 as in the coupling analysis 4.2.3,
here, jets are required to have |y| <4.4 as y is a Lorentz invariant quantity. All
other selection cuts are the same as the coupling analysis. For the 7 variables,
the phase-space is opened up to match that of the diphoton coupling analysis:

pr >25 GeV for central jets |y| <2.4.

e Electrons. Electron selection is exactly the same as described in Sec. 4.2.4:

pr >15 GeV and |n| <2.47.

e Muons. The only use of muons in this analysis is the measurement of the
production of the Higgs boson in association with at least one lepton. There
is no distinction in the categorization between electrons and muons, so it was
decided to unify the lepton selection. Therefore, the kinematic selections on
muons are identical to those on electrons: pr >15 GeV and |n| <2.47. This

unification of lepton selection also minimizes model dependence.

5.2.2 Event Selection

The event selection is identical to that described in Sec. 4.3, where various selections
are applied to ensure the quality of the data, and the two leading photons are required
to have pr/m., > 0.35 (0.25) GeV with an invariant mass between 105 GeV and

160 GeV.
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5.3 Truth-Level Object Selections

Truth objects are selected from the full event record in MC samples. Objects must be
stable, final state particles, meaning they have a mean lifetime of at least 10 ps, and
they do not come from the GEANT4 simulation. The remaining particles are then
stored for jet clustering. Before photon and lepton selections, all particles originating
from hadronization are rejected by checking the particle ID of all parent particles and
rejecting those with ID>111 (7° and greater). In the case where a particle’s parent
is a 7 or the same ID as the final-state particle, the ID of the grandparent particles

is checked. Truth level particles are then selected using the criteria described below.

5.3.1 Truth Photons

Photons are first identified by their PDG ID (=22). The acceptance is similar to that
for reconstructed photons where pr >25 GeV and |n| <2.37. For particle level, the
transition region (1.37< |n| <1.56), which is excluded at detector level, is included
in the acceptance region. Because of the difference in hadronic activity between the
different production modes, particularly in ttH, a particle isolation is required in
order to minimize the model dependence of the unfolding factors. The four-vectors
of all stable particles withing AR < 0.4 of the selected photon are summed. Muons,
neutrinos and the selected photon are excluded from the summation. The resulting
transverse energy, E%°, is then required to be less than 14 GeV. This cut value of
14 GeV was chosen based on the reconstruction level isolation energy profiled as a
function of truth isolation energy. The reconstruction isolation energy of 6 GeV used
in this analysis corresponds to a truth level isolation energy of 14 GeV. This was
checked for each production process independently, and all converged at roughly the

same 14 GeV value.
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5.3.2 Truth Leptons

Electrons and muons are also first identified by their PDG ID (=11 and =13 respec-
tively). They are then dressed by truth photons within AR <0.1, where dressing
means to add the photons’ four-vectors to that of the lepton’s. These photons have
had no selection cuts applied, and they are matched only to the closest lepton, which
ensures that each photon is only added to one lepton. Dressing the leptons in such a
way recovers much of the final-state radiation, and the particle level lepton will more
closely resemble what is measured in the EM calorimeter at reconstruction level. The
resulting dressed leptons must then pass the same kinematic selection cuts as recon-
structed leptons: pr >15 GeV and |n| <2.47. No isolation requirement is applied

because it was unnecessary once particles originating from hadrons were rejected.

5.3.3 Truth Jets

Truth jets are clustered using the anti-k; algorithm with distance parameter R =
0.4. All stable final state truth particles enter into the clustering except muons and
neutrinos. This was done to mimic what is seen at detector level. Truth jets are then

required to have pr >30 GeV and |y| <4.4.

5.3.4 Overlap Removal

An object overlap removal which mimics that at reconstruction level is then applied

to all selected objects passing the above criteria. The overlap removal is as follows:
e Electrons within AR(e, ) <0.4 are removed.
e Jets within AR(jet,e) <0.2 or within AR(jet, ) <0.4 are removed.

e Muons within AR(p,7) <0.4 are removed.
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5.3.5 Higgs Candidate Selection

The final Higgs boson candidate photons are selected in the same way as at recon-
struction level. The two isolated photons with the highest pr are selected and must
have (pr/m.,) <0.35 (0.25) for the leading (subleading) photon. The invariant mass
must also be between 105 GeV and 160 GeV.

5.4 Binning of Variables

Binning for the differential distributions is based on a number of different criteria,
and, where possible, without looking at the data in the signal region. Instead, the
binning is based on the expected significance using s/ v/b. Each bin is required to have
at least 1o expected significance and all bins in a distribution to have approximately
the same expected significance. A requirement for the unfolding is that each bin must
have a high purity, where purity is defined as

ndet,part

Pi = 1ndEt , (52)

det,part
i

det
7

where n%“" is the number of events in a bin at detector level, and n is the number
of events in a bin at both reconstruction level and particle (truth) level. The purity of
a bin quantifies the migrations into and out of the bin when going from detector level
to particle level. For unfolding, the purity of a bin must be high so as to avoid large
uncertainties when correcting from detector level to particle level. This is especially
important when using a bin-by-bin unfolding method as is used in this analysis.
Once a binning is chosen, it is possible that the number of events in a bin in data
are not optimal. Bins with negative fit yields represent unphysical cross sections and

cannot be unfolded using the bin-by-bin method. Also, if a bin is found to have too



130

few signal events due to a downward statistical fluctuation, the fits to the data will be
very unstable. Therefore, in such cases, the binning of a variable will be revisited by
simply merging the problem bin with neighboring bins, or readjusting the bin edges.

For many variables, there will be overflow events which are not included in the
measurements. These events go into their own ‘rest’ category, which is only used
for fitting purposes, as will be described in Sec. 5.5. For the leading jet pr variable,
the first bin, which is from 0-30 GeV, contains all events with exactly 0 jets. For the
subleading and third jet pr distributions, the first bins contain all events with exactly
1 jet and 2 jets respectively. A similar strategy is used for the 7., variables, where
the first bin from 0-8 GeV includes events with 0 jets.

The binning for all differential variables is shown in Table 5.1.
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Table 5.1: Variable bin edges for the differential cross section measurements. Some
variables also have a ‘rest’, or overflow, bin that is considered as a separate category
during signal extraction.

Variable Binning Npins
Niets(pr > 30 GeV)  {0,1,2,> 3} 1
p {0, 20, 30,40, 50, 60, 80, 100, 200} GeV 8 + rest
[ {0.0,0.3,0.6,0.9,1.2,1.6,2.4} 6
| cos 0*| {0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9, 1.0} 10
DT jet1 {0, 30, 50, 70, 100, 140} 5 4 rest
mjj {0,200, 400, 650, 1000} 4 + rest
Hr jots {0, 30, 50, 70, 150, 250} 5 + rest
Niets(pr > 50 GeV)  {0,1,2,> 3} A
|Yjet1 ] {0.0,1.0,2.0,3.0,4.4} 4 + rest
DT jet2 {0, 30, 50, 70, 140} A + rest
Ag;; {0.0,7/3,27/3,5m/6, 7} 4 + rest
JANC I {0.0,2.6,2.9,3.1, 7} 4 + rest
Aoy ii {0.0,2.6,2.9,3.1, 7w} 4 + rest
Pt {0, 10, 20, 30, 40, 60, 80, 150]} 7 + rest
[ {0.0,0.3,0.6,0.9,1.2,1.5,2.0,2.55} 7 + rest
T {0, 8,16, 30,55} 4 + rest
> iTi {0,8,16,30,55,150} 5 + rest
|Yjet2] {0.0,1.0,2.0,3.0,4.4} 4 + rest
DT jet3 {0, 30, 50, 150} 3 + rest
ijj {OO, 20,40,55,88} 4 + rest
DTyvji {0, 30, 55, 80, 140} 4 + rest
Pl x| cos 6| {0,80, 200} x {0.0,0.25,0.50,0.75,1.0} 8 + rest
Niets=0 x {0, 50,200}
Njets X pp’ Nies=1 x {0,50, 100,200} 8 + rest

Nie>2 x {0,50,100,200}
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5.5 Signal and Background Models

5.5.1 Signal Model

The differential cross section uses the same signal model as the mass and coupling
analyses. The signal is modeled by a Crystal Ball function with an added Gaussian to
account for the wider tails of the distribution as defined in Sec. 4.5.1. Signal samples
for each mass point are fitted with the global signal model defined in Sec. 4.5.2. A
separate global fit is done for each bin of each variable, so for the p)' distribution,
nine independent global signal fits are done.

It was noticed that a small fraction of events, ~1%, in the high-mass tails of the
signal distributions was greatly distorting the signal shapes. This was especially the
case for variables involving jets. To avoid this, the signal shapes are only fit in the

M~ range -20 GeV to +15 GeV around each mass point.

5.5.2 Background Model

The backgrounds are parameterized by a single smooth function, with each bin of
each variable having its own background parameterization. As described in Sec. 4.6,
the background function is chosen by fitting a signal+background function to a
background-only distribution. The same smeared MC samples were used here, but
with varying background process compositions. A 2x2D sideband technique is used
to extract the background compositions from data control regions. Fifteen control
regions are defined by each variation where at least one photon does not pass the
‘tight” ID, at least one photon does not pass the isolation criteria, or at least one
photon does not pass either the ‘tight’ ID or the isolation criteria. The background
composition was derived for the inclusive case and for different jet multiplicities and

are shown in Table 5.2. These compositions are then used to combine the different
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smeared MC samples with the proper composition. H+1j variables use the derived
composition for exactly 1 jet events, H+2j variables use the derived composition
for exactly 2 jet events, and the pr 3 variable uses the >3 jet composition. The
background process compositions were found to vary slowly with respect to the jet
multiplicity. The coupling analysis presented in Chapter 5 used a previous version of
this 2x2D sideband background composition; however, only the composition of the

inclusive case was used.

Table 5.2: The background compositions for the inclusive case and in bins of jet
multiplicity.

gl vJ JJ
Inclusive 78.3% 19.3% 2.4%
New =0 755% 21.6% 2.9%
Niets = 1 81.9% 16.5% 1.6%
Niw =2 84.9% 14.3%  0.8%
Niw >3 85.0% 14.1% 0.8%

The spurious signal, as defined in Sec. 4.6.2, is derived for each bin of each variable
independently. As before, a background function is only considered if the spurious
signal is either less than 10% of the expected Standard Model Higgs boson signal or
less than 20% of the expected background statistical uncertainty. In the case where
more than one function passes these criteria, the function with the fewer degrees of
freedom is chosen.

The ratio of spurious signal to background is expected to have a smooth behavior
when going from bin to bin in a single variable. However, this was shown not to be
the case because the spurious signal can vary due to statistical fluctuations in the
smeared MC. In order to account for these fluctuations, an averaging between bins is

done. The spurious signal for each bin is averaged with its two neighboring bins; in
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the case of the first or last bin, then the spurious signal is averaged with just the one
neighboring bin. The formula for the averaging of bin ¢ is

i+1

=3 (53)

where b; is the spurious signal for bin j and B; is the number of background events in
bin j taken from the fit. This averaging procedure aims to keep the ratio b/ B constant
since the spurious signal is expected to scale with the number of background events.
A further refinement is done to take into account the mass dependence. The averaged
spurious signal is evaluated for three different mass points: 120 GeV, 126.5 GeV, and
130 GeV. The final spurious signal is taken as the maximum of the three values in
each bin.

The majority of background functions are a single decaying exponential or an ex-
ponential of a second-order polynomial (Eq. 4.17). The chosen background functions
and the corresponding spurious signal for p;’ and Njes are shown in Tables 5.3 and

5.4.

5.5.3 Signal Extraction

The signal yields are extracted by making simultaneous signal+background fits for
all bins of a variable in data. A first preliminary background-only fit is done. The
fitted values for the background function parameters become the starting values for
the s+b fit to data. The signal model is from the global fits, with all parameters
held constant, and the expected yields are fixed to the Standard Model expectation,
while the signal strength variable, p, is allowed to float. Uncertainties on the mass

scale, signal resolution, and mass bias are added to the mean of the Crystal Ball and
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Table 5.3: The chosen background model functions and the corresponding spurious
signal for bins of pr.,. The last column shows the ratio of the spurious signal to the
expected Standard Model signal. Exp2 is an exponential of a second-order polynomial
(Eq. 4.17) and exp3 is an exponential of a third-order polynomial (Eq. 4.18).

Cat. Background Model Spurious Signal SS/Sig SM

1 exp2 16.08 82.7%
2 exp3 9.45 5.4%
3 exp2 8.45 9.4%
4 exp3 5.49 5.3%
5 exp2 3.99 8.1%
6 exp2 4.49 6.8%
7 exp2 1.54 3.3%
8 exp2 1.89 7.3%

Table 5.4: The chosen background model functions and the corresponding spurious
signal for bins of Njes. The last column shows the ratio of the spurious signal to the
expected Standard Model signal. Exp2 is an exponential of a second-order polynomial
(Eq. 4.17).

Cat. Background Model Spurious Signal (SS) SS/Sig-SM

1 exp2 11.42 4.2%
2 exp2 10.32 6.2%
3 exp2 5.03 6.6%
4 exp2 2.46 3.8%

Gaussian functions (ucp and pga respectively) and to the width of the Crystal Ball

function (o¢p) in the signal PDF. The modified parameters become

pes = (Mmu + 108 oftset T (Ma — 125) 140B slope ) * OEnScale * OBkgBias »
HGA = (mH + HGA offset + (mH - 125) HGA slope) : @EnScale : @BkgBias ) (54>

ocg = (Ooftset + (My — 125) Ogiope) - ObnRes

where Ogppscale 1s the uncertainty associated with the mass scale, Ogygpias is the mass
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bias due to the choice of background function, and Og,ges is the uncertainty associated
with the mass resolution. The energy scale and resolution systematics are treated as
correlated between all bins of a variable, while the mass bias systematic is treated
as uncorrelated. Both the energy scale and mass bias systematics are modeled by a

Gaussian constraint:

@EnScale/BkgBias = (1 + 6EnSca1e/BkgBiaseEnScale/BkgBias) . (55>

where Ognscale/BigBias 15 the nuisance parameter and dgyscale/BkgBias 15 the uncertainty.

The energy resolution is modeled by a log-normal constraint:

®EnRes = exp <0EnRes \/IOg (1 + 6%nRes)) (56>

Details on the systematics are documented in Sec. 5.7.

For some variables, a ‘rest’ bin is defined. This bin is not included as part of
the differential cross section measurement, but it is used in the simultaneous sig-
nal+background fits to data. With this method, the full statistics of the data is used
to help constrain the the nuisance parameters and stabilize the fits. This is especially
important for distributions with low statistics.

As the purpose of this analysis is to measure the differential cross sections of the
Higgs boson and not its mass, the Higgs boson mass in all fits is fixed at the combined
H — vv,Z7Z ATLAS measured mass my = 125.4 GeV [136].

Table 5.5 shows the extracted signal yields for all bins of all variables, and Tab. 5.6

shows the total fitted signal yields for each variable.
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Sum of yields

‘Rest’ yield Total sum of yields

Inclusive
VBF-enhanced

569.1 +130.7
24.2 £8.7
582.6 + 128.5
573.7+128.3
081.6 £ 128.1
580.0 £126.2
515.1 £125.0
140.8 £41.9
526.3 £125.1
582.9 £126.0
296.1 £76.6
294.1 £79.0
1459 £42.8
132.2 £41.8
545.8 £ 133.5
580.2 +127.4
141.7 £42.3
503.1 +124.8
563.3 £ 128.5
124.5 £41.0
143.2 £42.2
133.9 £42.0

0.0+£0.0
546.9 +129.4
0.0£0.0

6.3 £5.3
0.0£0.0
0.0£0.0
38.3+144
454.6 £122.5
25.2+12.6
0.0£0.0
275.0 £101.1
282.2 £101.9
453.2 £123.2
419.7£121.9
12.7+£54
0.0£0.0
425.8 £121.6
40.3+13.9
3.1£5.0
420.9 £121.7
420.8 £122.7
423.6 £ 123.2

569.1 +130.7
571.0 £129.7
082.6 + 128.5
580.0 +128.4
081.6 £ 128.1
580.0 £126.2
553.4 +125.8
095.4 £129.4
551.6 £ 125.7
582.9 £126.0
5971.0 £126.8
076.3 £128.9
599.1 +130.4
551.9 £128.8
558.6 £133.6
580.2 +127.4
067.6 + 128.8
543.4 +125.6
066.4 + 128.6
045.4 £128.4
564.0 +129.8
557.5 £130.2
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Table 5.6: Sum of extracted signal yields and uncertainties for all differential variables
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5.6 Unfolding Procedure

The unfolding procedure used in this analysis is a bin-by-bin correction factor, where
the correction factors are derived for each bin individually. These correction factors
account for both the efficiency of object reconstruction and identification and the
migrations to and from bins due to detector resolution and miscalibrations. The

unfolding factor is defined as

C;, = e (57)

part
7

det

where ;" is the number of events in bin 7 at particle level and n{* is the number of

events in bin ¢ at detector level. The correction factors are derived using the signal MC
normalized to the Standard Model expectation and are calculated for all production
processes combined. These correction factors are then applied to the extracted signal

in data to unfold the distributions to particle level:

data,part __ data
n; = g™, (5.8)

data,part
7

where n is the number of events in bin 7 in the unfolded data distribution

data
i

and n is the number of extracted signal events in data. The full differential

dif f

distributions, nii , are calculated by

ndata,part
dif f 7
pliff ~ i 5.9
‘ L w; (5.9)

where £ is the integrated luminosity of the dataset and w; is the width of bin .
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Two quantities are of importance when doing a bin-by-bin unfolding: the purity

and efficiency within a bin. The purity, defined as

ndet,part
P, = T (5.10)

is the fraction of events in bin ¢ at detector level that are also in bin ¢ at particle
level. This is a measure of the migrations in and out of each bin caused by detector
resolution and fake events which are reconstructed at detector level but do not exist at
particle level. As low values of purity indicate large fake contributions, it is important
for bins to have a high purity in order to be model independent, and for this analysis,
bins are required to have a purity greater than 0.50. The efficiency of a bin also takes
into account the migrations, but also includes the efficiencies of object reconstruction
and identification. Efficiency is defined as

det,part
no P

6= ——n (5.11)

art
n;

The correction factors and their uncertainties are presented in Sec. 5.7.7.

5.7 Systematics

5.7.1 Luminosity

This analysis uses only 2012 data collected at a center of mass energy of 8 TeV. The
full dataset corresponds to an integrated luminosity of 20.2769 fb~!. As described in
Sec. 4.8.1, the luminosity is measured with the LUCID and BCM detectors, and the

uncertainty on the measurement for 2012 data is 2.8%.
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5.7.2 Photon Selection

There are three sources of uncertainty on the selection of photons: the uncertainty on
the trigger efficiency, the uncertainty on the photon identification efficiency, and the
uncertainty on the isolation selection efficiency. These uncertainties are documented
in Sec. 4.8.1 and the trigger efficiency uncertainty and the photon identification ef-
ficiency are measured to be 0.5% and 1% respectively. The effect on the photon
identification efficiency as a function of jet multiplicity was shown to be negligible,
so the uncertainty of 1% is used for all categorizations.

The uncertainty on the isolation selection was rederived for this analysis taking
into account the efficiencies for different jet multiplicities. Efficiencies between data
and MC are compared for bins of 0, 1, 2, and >3 jets and are presented in Table 5.7.
The corresponding uncertainties are taken as 1% for the 0 and 1 jet bins, 2% for the

2 jet bin, and 4% for the >3 jet bin.

Njets =0 Njets =1 Njets =2 N’ets >3

J

€pata/€pc | 1.004 £ 0.002 | 0.999 4+ 0.004 | 0.999 + 0.010 | 0.992 + 0.021

Table 5.7: Efficiency ratio between data and MC for the photon selection in bins of
jet multiplicity.

5.7.3 Signal Extraction
Mass Energy Resolution.

The full systematics on the mass energy resolution are calculated in the same way as
described in Sec. 4.8; however, a simplification procedure is adopted here. The four
systematics on the energy resolution are summed quadratically, and only one nuisance
parameter is used for the fits. This combined resolution uncertainty is 8.49% for the

inclusive case.
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Mass Energy Scale.

The mass energy scale systematic is calculated using the my bias method described
in Sec. 4.8. A simplification procedure is adopted here as well. The largest four
uncertainties are kept separate: L2Gain, LArElecUnconv_Barrel, LArCalib_Barrel,
LeakageConv, while the rest of the 25 uncertainties are merged by summing them
quadratically. This results in a total of five nuisance parameters associated with the

diphoton mass scale.

Background Modeling.

The function chosen to parameterize the background distribution can have enough
flexibility to affect the scale of the fitted mass. Therefore, an uncertainty is assigned
to the mass scale using the MC method described in Sec: 4.8. This is done for each
individual bin since each bin can have a different background parameterization, and
therefore the nuisance parameters are treated as uncorrelated across bins. An Asimov
dataset is created from the background distribution of the smeared MC. The signal
is injected into this distribution by first creating an Asimov dataset from the signal
model and then adding it to the background Asimov dataset. The signal+background
model is then fit to this combined dataset with the signal strength parameter u fixed
at 1 and all the signal shape parameters held constant. The fitted mass is then
compared to the injected mass, and this is taken as the bias on the mass scale. A
scan is done where signal is injected for masses between 119 GeV and 137 GeV in
steps of 0.2 GeV, and the largest bias in this mass range is taken as the bias. The
signal+background fits to the combined Asimov dataset are shown in Fig. 5.1 for a
scan mass of 125 GeV in bins of pr .. Scans of the bias in each bin of pr ., are shown

in Fig. 5.2, and the resulting mass bias for all variables is shown in Table 5.8.



143

Injected Mass = 125.00 Injected Mass = 125.00

Events /(0.25)
Events /(0.25)

I
110 120 130 40 50 7
mgg

Injected Mass = 125.00

Events /(0.25)

ts/(0.25)

Events /(0.25)
vents /(0.25)

29
H .
I i
:
‘
1|
o 1
f

I I I I I I I I I I I I
110 120 130 140 150 160 110 120 130 140 150 160 110 120
mag

Figure 5.1: Signal+background fits to the asimov dataset with injected signal at
mpy =125 GeV in bins of pr ...
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5.7.4 Detector Modeling

The unfolding method for this analysis is the bin-by-bin unfolding, where distribu-
tions at reconstruction level are unfolded to particle level by the multiplication of
unfolding factors, defined in Sec. 5.6. These unfolding factors are simply the ratio of
particle level events over reconstruction-level events in a particular bin. Therefore,
any uncertainties on the reconstruction of events will affect the unfolding factors by
changing the number of events in the denominator. To evaluate detector modeling
uncertainties, the reconstruction level events are varied by the detector uncertainties,
and new unfolding factors are derived. The variation in these unfolding factors from
the nominal ones are the uncertainty on the unfolding factors themselves. There are

four main sources of experimental uncertainty associated with the reconstruction of
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Figure 5.2: The percent bias on the mass scale for the injected signal scan between
119 GeV and 137 GeV in bins of pr .

events: jet energy scale and resolution, jet vertex fraction and pileup, EF** and
photon and electron energy scale and resolution. The evaluation of the jet energy
scale, jet resolution, jet vertex fraction, and EZ"** uncertainties are evaluated in the
same way as described in the mass and coupling analysis chapter in Sec. 4.8. For
the evaluation of the pileup uncertainty, a fraction of pileup jets is removed from the
MC, and the unfolding factors recalculated. Pileup jets are identified by matching
the reconstruction level jets to jets at truth level using a cone of AR =0.4. The
fraction of pileup jets removed, 35%, is taken from the ratio of pileup jets with a jet
vertex fraction less than 0.1 to the number of pileup jets with a jet vertex fraction
less than 0.5, and the final uncertainties are <6.6%. Uncertainties from the photon

and electron energies are evaluated as described in Sec. 4.8, and are found to be less
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Table 5.8: Mass bias from choice of background parameterization. Results are the
difference in % between the fitted and the injected masses, and represent the largest
bias in the scan region 119-136 GeV.

Bin 1 2 3 4 5 6 78 9 10
jets . . . .

N; 025 023 030 045

L 0.09 019 0.15 018 021 029 014 010 0.05
Yoy | 0.07 0.09 0.07 010 0.09 0.11

lcosf*| | 0.15 0.10 0.14 0.4 0.15 022 019 0.03 012 0.23
J1

o 0.09 0.10 0.11 0.18 020 0.14

mj; 011 013 024 012 0.33

Hr 0.09 0.10 0.12 0.09 0.13 0.26

N3GV 1 065 069 0.66 0.93

|y, | 0.2 0.8 0.11 0.13 0.09

ok 0.09 0.09 0.18 0.33 0.08

Ay 0.09 0.08 025 0.23 0.34

A¢yyii | 031 013 019 011 0.08

DTy 0.14 0.07 011 011 015 0.13 0.06 0.06
Ay, 0.06 0.08 0.10 0.09 012 0.19 0.06

|9, | 0.23 0.5 0.15 024 0.07

Tiet 0.14 040 0.13 020 0.23

S Tee | 017 031 011 014 021 021

o 0.11 0.12 0.07

|Ay;;] | 012 011 015 010 0.07

Pryyii | 012 017 039 0.19 0.07

than 0.2% for photons and less than 0.01% for electrons. Thus, these uncertainties

are neglected in this analysis.

5.7.5 Theory Modelling

The goal of this analysis is to unfold distributions with as little bias from the under-

lying theoretical model used to derive the unfolding factors as possible. In practice,

it is not possible to be completely unbiased, so systematics are assigned in order to

reduce this dependence. This is done using three types of variations: the signal model

composition of the different production processes are varied, MC samples using dif-

ferent generators are used to calculate unfolding factors, and the MC distributions
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are reweighted according to the unfolded distributions in data.

Using the Standard Model Higgs boson signal composition makes assumptions
on the Higgs boson couplings which can bias the distributions, particularly those
involving jet variables. Therefore, the effect of varying the composition of the signal
is taken as a modeling uncertainty on the unfolding factors. The signal composition
is varied in two ways. First, the t¢H contribution is varied up and down from oz x0
to o,z x5, and the resulting unfolding factors are calculated. Then, the contributions
from VBF and V H are varied simultaneously from oy gpiyvgx0.5 to oyprivgx2.

The nominal unfolding factors are calculated using POWHEG+PYTHIAS for the
ggF and VBF production process and PYTHIA8 for the V H and ttH processes; how-
ever, these are not the only available generators for these processes, and in some
cases, the differences between generators can be quite large, particularly for the ggF
component. Therefore, the unfolding factors are also calculated using different ggF
generators: Sherpa, MiNLO HJ+PyTHIAS, and MiNLO HJJ+PyTHIAS. The effect
of the parton showering was also varied: the Sherpa sample has its own parton shower
model built in, and a second sample where the POWHEG samples were showered with
JIMMY was used.

Finally, the effect of the underlying event was taken into account by calculating
the unfolding factors with POWHEG+PYTHIA8 samples which have the multiple par-
ton interactions (MPI) in PYTHIA8 switched off. Inclusively, this sample with the
MPI turned off gave the largest modeling uncertainty of 1.03%. The total modeling
uncertainty on the unfolding factors is taken as the envelope from all these samples.

In order to take into account differences between the spectra in data and that in
MC, the truth distributions in MC are reweighted according to the unfolded distri-
butions in data. Smooth functions are fit to the data/MC ratios in the pr., and

Y distributions. Then, the truth level distributions in MC are reweighted simul-
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taneously by both of these functions and the corresponding unfolding factors are
calculated. This results in an inclusive uncertainty of 3.25%.

For the total theory modeling uncertainty, first the uncertainties from the signal
composition and the generator modeling are added in quadrature. Then the envelope
is taken of this combined uncertainty and the data reweighting uncertainty. No

symmetrizing is done, so the final uncertainties can be asymmetric.

5.7.6 Dalitz Decays

As mentioned in Sec. 4.2.8, a small fraction of events in PYTHIA8 come from Dalitz
decays, H — vv* — vff. These are not included in the particle level distributions,
but because they can enter into our selection in data, they are included in the recon-
struction level distributions. The branching ratio of these events is not well known, so
for this analysis a 100% uncertainty is assigned to the Dalitz contributions resulting

in up to 0.50% uncertainty on the signal.

5.7.7 Systematics Summary

Figures 5.3 through 5.6 summarize the fractional uncertainties on the unfolded distri-
butions from data. Despite the many systematics described above, the uncertainties
are still statistics dominated. Summaries of all the uncertainty contributions are

shown in Tab. 5.9 through 5.30.
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Figure 5.3: Summary of the fractional uncertainties on the particle level differential

cross sections for the different variables.
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Figure 5.4: Summary of the fractional uncertainties on the particle level differential
cross sections for the different variables.
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Figure 5.5: Summary of the fractional uncertainties on the particle level differential
cross sections for the different variables.
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Table 5.9: Summary of results and uncertainties on the particle level fiducial cross-
sections for the Inclusive category.

Bin 1
Signal yield 569.09
Background PDF exp2
Fit: total uncert. 23.0%

Fit statistical 21.8%
Fit systematics 6.2%
Spurious signal 1.7%

O fid [fb] 42.74
Correction factors 1.52
Purity 0.99
Luminosity 2.8%
PID 1.0%
Isolation 1.0%
Generator modelling fi’g;‘;

Table 5.10: Summary of results and uncertainties on the particle level fiducial cross-
sections for the VBF-enhanced category.

Bin 1

Signal yield 24.17
Background PDF expo
Fit: total uncert. 35.9%
Fit statistical 34.3%
Fit systematics 4.7%
Spurious signal 7.7%
O fid [fb] 1.67
Correction factors 1.40
Purity 0.81
Luminosity 2.8%
PID 1.0%
Isolation 2.0%
Pileup -0.5%
Jet energy scale + resolution 11.3%
+2.2%

Generator modelling 350
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Table 5.11: Summary of results and uncertainties on the particle level differential
cross-sections for Njes

Bin 1 2 3 4
Signal yield/bin width 274.13 167.74 76.28  64.49
Background PDF exp2 exp2 exp2 exp2
Fit: total uncert. 36.7% 40.4% 47.6% 33.6%
Fit statistical 36.5% 36.9% 46.5% 33.3%
Fit systematics 58%  6.5%  6.3%  5.2%
Spurious signal 42%  62%  6.6%  3.8%
doga/dX ] 91.63 1220 515  3.96
Correction factors 1.60 1.48 1.37 1.24
Purity 0.95 0.78 0.71 0.70
Luminosity 28% 28% 28% 2.8%
PID 1.0% 1.0% 1.0% 1.0%
Isolation 1.0%  1.0% 2.0% 4.0%
Pileup 0.8% 0.7%  -1.3%  -3.3%

Jet energy scale + resolution  4.1% 3.1% 7.3% 13.9%

Generator modelling fg?ﬁéﬁj Jjggz tgié ti:g;ﬁ

Table 5.12: Summary of results and uncertainties on the particle level differential
cross-sections for p.’

Bin 1 2 3 4 5 6 7 8

Signal yield /bin width 0.97 17.36 8.98 10.29 4.94 3.30 2.34 0.26
Background PDF exp2 exp3 exp2 exp3 exp2 exp2 exp2 exp2
Fit: total uncert. 433.3% 31.5% 48.5% 352% 65.4% 50.4% 50.2% 83.2%
Fit statistical 418.3% 30.0% 46.4% 341% 59.3% 48.4% 47.6% 80.4%
Fit systematics 9.5% 55% 5.6% 56% 61% 63% 62% 6.3%
Spurious signal 82.7%  54% 94% 53% 81% 68% 33% 7.3%
doga/dX [fb] 0.07 1.30 0.67 0.78 0.38 0.25 0.18 0.02
Correction factors 1.52 1.52 1.52 1.54 1.54 1.54 1.54 1.51
Purity 0.97 0.90 0.90 0.90 0.89 0.93 0.93 0.97
Luminosity 28% 28% 28% 28% 28% 28% 28% 2.8%
PID 1.0%  1.0% 1.0% 1.0% 1.0% 1.0% 1.0% 1.0%
Isolation 1.0% 1.0% 1.0% 1.0% 1.0% 1.0% 1.0% 1.0%

. +2.2%  42.8%  +3.0%  +3.4%  +3.6%  +3.6%  +3.4%  +3.3%
Generator modelling ~1.4% -15%  —0.6%  —1.9%  -0.4%  -0.6%  —0.4%  —0.7%
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Table 5.13: Summary of results and uncertainties on the particle level differential

cross-sections for |y,

Bin 1 2 3 4 5 6
Signal yield/bin width  366.41 373.50 179.14 366.38 316.29 86.78
Background PDF exp2 exp2 exp2 exp2 exp2 exp2
Fit: total uncert. 471%  45.9% 91.9% 482% 45.7% 72.1%
Fit statistical 46.5% 44.6% 92.3% 48.0% 44.6% 69.9%
Fit systematics 46%  52%  54%  65%  7.3%  11.2%
Spurious signal 22%  1.5%  2.9%  14%  26% 4.7%
doga/dX [fb] 23.46 25.16 13.26 30.18 28.23 7.74
Correction factors 1.30 1.37 1.50 1.67 1.81 1.81
Purity 0.98 0.98 0.97 0.97 0.98 0.98
Luminosity 2.8% 2.8% 2.8% 2.8% 2.8% 2.8%
PID 1.0% 1.0% 1.0% 1.0% 1.0% 1.0%
Isolation 1.0%  1.0% 1.0% 1.0% 1.0% 1.0%

: +0.5%  +0.3%  +0.7%  +0.9%  +1.2%  +0.8%
Generator modelling -1.0%  -13%  —1.0%  -09%  —1.0%  —0.9%
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Table 5.15: Summary of results and uncertainties on the particle level differential
cross-sections for p7!

Bin 1 2 3 4 5
Signal yield/bin width 9.12 5.66 1.61 1.90 0.98
Background PDF exp2 exp2 exp2 exp2 expo
Fit: total uncert. 36.6% 47.7% 113.8% 53.7% 50.3%
Fit statistical 36.5% 46.3% 112.3% 51.9% 50.2%
Fit systematics 59%  6.0% 5.9% 5.7%  5.7%
Spurious signal 22%  23%  51%  62%  5.1%
dogq/dX [fb] 072 039 011 014 007
Correction factors 1.60 1.39 1.44 1.46 1.46
Purity 0.95 0.67 0.65 0.72 0.74
Luminosity 28%  2.8% 2.8% 2.8%  2.8%
PID 1.0% 1.0% 1.0% 1.0%  1.0%
Isolation 1.0%  1.0% 1.0% 1.0%  1.0%
Pileup 0.8% -1.9% -0.8% -0.3% -0.1%

Jet energy scale + resolution 4.1%  4.6% 4.5% 54%  6.9%

: +3.5%  +7.0% +4.5% +2.6%  +2.0%
Generator modelling Tonn 1% ooy 5o in

Table 5.16: Summary of results and uncertainties on the particle level differential
cross-sections for m;

Bin 1 2 3 4

Signal yield/bin width 0.24 0.31 0.09 0.02
Background PDF exp2 exp2 expo expo
Fit: total uncert. 71.5% 33.1% 48.4% 79.1%
Fit statistical 70.1% 32.8% 46.5% 77.6%
Fit systematics 86% 59% 61% 7.9%
Spurious signal 57%  4.5% 4.9%  6.0%
doga/dX [fb] 0.02 002 001  0.00
Correction factors 1.30 1.39 1.39 1.35
Purity 0.70 0.71 0.70 0.71
Luminosity 28% 28% 28% 2.8%
PID 1.0% 1.0% 1.0% 1.0%
Isolation 20% 2.0% 2.0% 2.0%
Pileup 23%  -1.7%  -12%  -1.1%

Jet energy scale + resolution  9.3%  83% 82%  8.9%

. 59 2.69 2.0% 2.9%
Generator modelling figé’, tz.g‘g J—r2.g°//2 J—r4.5‘§2
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Table 5.17: Summary of results and uncertainties on the particle level differential
cross-sections for Hr

Bin 1 2 3 4 5
Signal yield/bin width 9.06 4.95 1.79 0.59 0.72
Background PDF exp2 exp2 exp2 exp2 exp2
Fit: total uncert. 36.8% 50.4% 88.5% 85.9% 30.3%
Fit statistical 36.7% 48.6% 86.7% 84.5% 29.7%
Fit systematics 6.0% 61% 6.0% 62% 6.2%
Spurious signal 26% 1.8% 25% 58% 1.5%
doga/dX [fb] 0.72 0.35 0.13 0.04 0.05
Correction factors 1.60 1.43 1.48 1.42 1.38
Purity 0.95 0.62 0.57 0.76 0.76
Luminosity 28% 2.8% 28% 28% 2.8%
PID 1.0% 1.0% 1.0% 1.0% 1.0%
Isolation 1.0%  2.0% 2.0% 2.0% 2.0%
Pileup 0.8% -1.5% -04% -12% -1.0%

Jet energy scale + resolution 4.1%  3.6% 2.7% 58%  9.0%

: +3.5%  +7.5%  +5.1%  +2.4% = +2.0%
Generator modelling S0 8% o8 -s19 —z19

Table 5.18: Summary of results and uncertainties on the particle level differential

cross-sections for st;(t)scev

Bin 1 2 3 4
Signal yield/bin width 397.30 106.40 54.79  24.42
Background PDF exp2 exp2 exp2 exp2
Fit: total uncert. 28.8% 43.6% 40.7% 43.2%
Fit statistical 28.1% 43.2% 40.4% 42.7%
Fit systematics 58%  41.9% 22.3% 5.6%
Spurious signal 1.8%  52% 4.6% 3.8%
doga/dX ] 3032 771 374 164
Correction factors 1.55 1.47 1.38 1.36
Purity 0.97 0.84 0.76 0.75
Luminosity 28%  28% 28% 2.8%
PID 1.0% 1.0% 1.0% 1.0%
Isolation 1.0% 1.0% 2.0% 4.0%
Pileup 0.1% -02%  -0.9% -1.8%

Jet energy scale + resolution  1.9% 4.6%  9.1% 12.2%

Generator modelling tg?gﬁ jgggﬁ tgg?/i tg:gé
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Table 5.19: Summary of results and uncertainties on the particle level differential
cross-sections for |y;, |

Bin 1 2 3 4

Signal yield/bin width 152.29 82.62 43.06 12.94
Background PDF exp2 exp2 exp2 exp2
Fit: total uncert. 33.6% 54.9% 68.1% 99.3%
Fit statistical 32.9% 51.5% 68.2% 98.7%
Fit systematics 4.9%  4.9%  4.8%  4.8%
Spurious signal 2.8% 28% 47% 47%
doga/dX [fb] 10.94 5.87 3.00 0.83
Correction factors 1.46 1.44 141 1.29
Purity 0.85 0.84 0.82 0.73
Luminosity 28% 2.8% 2.8%  2.8%
PID 1.0% 1.0% 1.0% 1.0%
Isolation 1.0% 1.0% 1.0% 1.0%
Pileup 0.7% -0.7% -1.5% -2.8%

Jet energy scale + resolution  4.2% 51%  5.7% 14.2%

Generator modelling f‘fjéZﬁ Jﬁ:gg{; tgggﬁ tg(l);/g

Table 5.20: Summary of results and uncertainties on the particle level differential
cross-sections for pf

Bin 1 2 3 4
Signal yield/bin width 5.24 3.06 1.59 0.63
Background PDF exp2 exp2 exp2 exp2
Fit: total uncert. 42.4% 56.8% 58.7% 36.8%
Fit statistical 39.4% 54.6% 57.4% 35.5%
Fit systematics 6.1% 6.5% 59%  5.5%
Spurious signal 3.4% 3.1% 2.8% 2.0%
dora /X [fb] 038 020 011 0.4
Correction factors 1.48 1.31 1.36 1.40
Purity 0.78 0.64 0.63 0.79
Luminosity 28% 28% 28% 2.8%
PID 1.0% 1.0% 1.0% 1.0%
Isolation 20% 2.0% 2.0% 2.0%
Pileup -0.0% -12% -0.6% -0.2%

Jet energy scale + resolution  3.1%  8.7%  89% 10.5%

: .6 2.9 2.9% 2.7%
Generator modelling fi’?é’, J_r4.?£ fg.%‘? J—r2.6‘§2
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Table 5.21: Summary of results and uncertainties on the particle level differential
cross-sections for Ag;

Bin 1 2 3 4

Signal yield/bin width 29.61 18.39 31.62 151.02
Background PDF expo exp2 exp2 exp2
Fit: total uncert. 55.4% 103.6% 119.0% 34.6%
Fit statistical 54.1% 101.4% 118.6% 32.9%
Fit systematics 6.8% 8.2% 9.1% 7.5%
Spurious signal 5.9% 8.6% 7.1% 2.2%
doga/dX [fb] 102 124 2.4  9.49
Correction factors 1.31 1.37 1.38 1.27
Purity 0.73 0.75 0.71 0.68
Luminosity 2.8% 2.8% 2.8% 2.8%
PID 1.0% 1.0% 1.0% 1.0%
Isolation 2.0% 2.0% 2.0% 2.0%
Pileup -1.0% -0.9% -1.5% -5.0%

Jet energy scale + resolution  9.6% 8.7% 8.8% 9.0%

Generator modelling fi:;gﬁ tggé tggé fijﬁé

Table 5.22: Summary of results and uncertainties on the particle level differential
cross-sections for Ag., j;

Bin 1 2 3 4

Signal yield/bin width 20.76  104.07 115.80 571.70
Background PDF exp2 exp2 exp2 expo
Fit: total uncert. 455% 67.3% 102.2% 50.4%
Fit statistical 45.3% 66.0% 101.4% 50.4%
Fit systematics 5.7%  5.8% 7.0% 5.4%
Spurious signal 1.7%  3.5%  14.0%  5.2%
doga/dX [fb] 1.08 654  7.04  45.00
Correction factors 1.06 1.27 1.39 1.60
Purity 0.50 0.51 0.60 0.54
Luminosity 2.8%  2.8% 2.8% 2.8%
PID 1.0% 1.0% 1.0% 1.0%
Isolation 2.0%  2.0% 2.0% 2.0%
Pileup -6.6% -1.5% -0.5% -0.2%

Jet energy scale + resolution 22.9% 12.3%  9.4%  22.0%

: 15.69 2. 2, 4.8
Generator modelling tﬁigf iﬁZZ ts.z("y&f t&ﬁ"ﬁ
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Table 5.23: Summary of results and uncertainties on the particle level differential

cross-sections for pre.

Bin 1 2 3 4 5 6 7

Signal yield/bin width 5.78 21.00 8.53 7.47 1.14 4.60 0.05
Background PDF exp2 exp2 exp2 exp2 exp2 exp2 expo
Fit: total uncert. 154.4% 30.1% 54.5% 50.0% 157.1% 29.5% 530.7%
Fit statistical 146.7% 28.9% 51.4% 46.2% 151.9% 27.8% 512.0%
Fit systematics 7.0% 59% 58% 6.2% 7.9% 59%  12.6%
Spurious signal 3.1%  0.9% 24% 22% 206% 3.0%  62.1%
doga/dX [fb] 0.44 1.58 0.64 0.56 0.09 0.35 0.00
Correction factors 1.53 1.52 1.53 1.53 1.53 1.53 1.49
Purity 0.98 0.97 0.96 0.94 0.95 0.94 0.97
Luminosity 2.8% 2.8% 2.8% 2.8% 2.8% 2.8% 2.8%
PID 1.0% 1.0% 1.0% 1.0% 1.0% 1.0% 1.0%
Isolation 1.0% 1.0% 1.0%  1.0% 1.0% 1.0% 1.0%
Generator modelling 1997 V87 “ofy i o i Gew

Table 5.24: Summary of results and uncertainties on the particle level differential
cross-sections for Ay,

Bin 1 2 3 4 5 6 7
Signal yield/bin width ~ 282.12 404.75 214.00 259.91 155.43 277.06 85.19
Background PDF exp2 exp2 exp2 exp2 exp2 exp2 exp3
Fit: total uncert. 57.0% 39.8% 71.8% 64.7% 104.4% 43.3% 64.7%
Fit statistical 56.0% 39.2% 72.0% 62.7% 103.5% 43.7% 65.1%
Fit systematics 6.1% 6.0% 5.7% 6.6% 5.9% 6.2% 13.8%
Spurious signal 50%  2.3% 43%  45%  11.7%  104%  7.5%
doga/dX [fb] 20.69  30.53 16.22 19.09 11.61 21.75 7.09
Correction factors 1.49 1.53 1.54 1.49 1.51 1.59 1.69
Purity 0.99 0.99 0.99 0.99 0.99 0.98 0.91
Luminosity 2.8% 28% 2.8% @ 2.8% 2.8% 2.8%  2.8%
PID 1.0% 1.0% 1.0% 1.0% 1.0% 1.0% 1.0%
Isolation 1.0%  1.0% 1.0% 1.0% 1.0% 1.0%  1.0%

. +5.4% +5.8% +5.5% +0.6% +0.9% +1.0% +2.9%
Generator modelling —0.8%  —08%  —07%  —1.5% —0.7% —21%  —1.5%
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Table 5.25: Summary of results and uncertainties on the particle level differential
cross-sections for Tje

Bin 1 2 3 4
Signal yield/bin width 43.60  7.80 6.21 0.70
Background PDF exp2 exp2 exp2 exp2
Fit: total uncert. 30.2% 73.2% 49.3% 155.4%
Fit statistical 29.6% 73.6% 49.3% 154.1%
Fit systematics 6.3% 7.8% 6.8% 9.6%
Spurious signal 21%  23%  55% 14.0%
doga/dX (] 330 052 045 0.5
Correction factors 1.57 1.36 1.48 1.47
Purity 0.96 0.65 0.77 0.81
Luminosity 2.8%  2.8% 2.8% 2.8%
PID 1.0% 1.0% 1.0% 1.0%
Isolation 2.0% 2.0% 2.0% 2.0%
Pileup 05% -1.1% -0.3% -0.1%

Jet energy scale + resolution  2.6%  4.5%  4.5% 5.8%

Generator modelling fé:ggﬁ t?:%ﬁ fll%g f%ggﬁ

Table 5.26: Summary of results and uncertainties on the particle level differential
cross-sections for ) Tie

Bin 1 2 3 4 5
Signal yield/bin width 43.78 5.88 4.86 1.66 0.59
Background PDF exp2 exp2 exp2 exp2 exp2
Fit: total uncert. 30.6% 95.1% 58.8% 75.7% 38.2%
Fit statistical 29.5% 91.9% 58.9% T4.7% 37.5%
Fit systematics 6.5% 88% 6.7™% T7.6% 5.6%
Spurious signal 21%  22%  31% 33% 3.™%
dogq/dX [fb] 3.40 040 035 012  0.04
Correction factors 1.57 1.38 1.48 1.44 1.41
Purity 0.96 0.61 0.71 0.75 0.84
Luminosity 2.8% 28% 28% 28% 2.8%
PID 1.0% 1.0% 1.0% 1.0% 1.0%
Isolation 20%  2.0% 2.0% 2.0% 2.0%
Pileup 0.5% -09% -0.3% -04% -0.3%

Jet energy scale + resolution  2.6%  3.8% 4.0% 6.1%  8.2%

. 1.09 7.59 4.9 2.6% 2.6
Generator modelling fa.gé‘; tmg fl.sgi J—r3.1‘§2 fl.ngi
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Table 5.27: Summary of results and uncertainties on the particle level differential
cross-sections for |y, |

Bin 1 2 3 4
Signal yield/bin width 54.02  37.09 28.14 16.06
Background PDF exp2 exp2 exp2 exp2
Fit: total uncert. 50.6% 66.6% 61.8% 50.6%
Fit statistical 49.7% 63.4% 62.0% 50.8%
Fit systematics 59% 58% 58%  6.5%
Spurious signal 4.7%  49% 32% 1.5%
doga/dX [fb] 3.67 2.46 1.85 0.98
Correction factors 1.38 1.34 1.33 1.24
Purity 0.71 0.68 0.70 0.64
Luminosity 28% 28% 28% 2.8%
PID 1.0% 1.0% 1.0% 1.0%
Isolation 1.0% 1.0% 1.0% 1.0%
Pileup -1.3%  -1.3%  -2.3%  -3.3%

Jet energy scale + resolution 83%  9.3%  84% 12.8%

Generator modelling fi'gg‘g ff%‘; fgégg fgggﬁ

Table 5.28: Summary of results and uncertainties on the particle level differential
cross-sections for p

Bin 1 2 3
Signal yield/bin width 250 147 020
Background PDF exp2 expo expo
Fit: total uncert. 47.7% 59.3% 49.1%
Fit statistical 47.0% 59.8% 49.6%
Fit systematics 56% 5.0% 5.0%
Spurious signal 9.0% 7.9% 4.7%
dora /X [fb] 017 009 0.0l
Correction factors 1.37 1.21 1.36
Purity 0.71 0.58 0.75
Luminosity 2.8% 28% 2.8%
PID 1.0% 1.0% 1.0%
Isolation 4.0%  4.0%  4.0%
Pileup -1.3%  -3.8% -1.8%

Jet energy scale + resolution  7.3%  14.5% 12.2%

. 0 07
Generator modelling f?,iéi fiiiZZ f?ﬁﬁéﬁ
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Table 5.29: Summary of results and uncertainties on the particle level differential
cross-sections for |Ay;;|

Bin 1 2 3 4
Signal yield/bin width 42.71 19.50  10.07 1.12
Background PDF exp2 exp2 expo expo
Fit: total uncert. 40.9% 55.1% 60.9% 103.3%
Fit statistical 39.7% 54.7% 58.4% 104.1%
Fit systematics 57%  62%  5.5%  12.1%
Spurious signal 34%  99% 85%  8.2%
dogq/dX [fb] 2.81 1.30 0.67 0.07
Correction factors 1.33 1.35 1.34 1.27
Purity 0.75 0.75 0.77 0.74
Luminosity 2.8%  2.8% 2.8% 2.8%
PID 1.0% 1.0% 1.0% 1.0%
Isolation 2.0% 2.0% 2.0% 2.0%
Pileup -1.9%  -1.9%  -1.5% -2.0%

Jet energy scale + resolution  9.3% 88% 87% 12.1%

Generator modelling fﬁ%ﬁ 121%2 tii(gg féfgi

Table 5.30: Summary of results and uncertainties on the particle level differential
cross-sections for pr..;;

Bin 1 2 3 4
Signal yield /bin width 186 103 178 0.13
Background PDF exp2 exp2 expo expo
Fit: total uncert. 54.4% 90.7% 34.2% 106.0%
Fit statistical 53.5% 88.5% 31.4% 106.5%
Fit systematics 6.3% 6.5% 8.2% 7.2%
Spurious signal 35% 10.1% 2.9%  10.4%
dora/dX [fh] 013 006 010 _ 0.0L
Correction factors 1.43 1.23 1.19 1.22
Purity 0.71 0.51 0.48 0.60
Luminosity 2.8% 28% 28% @ 2.8%
PID 1.0% 1.0% 1.0% 1.0%
Isolation 2.0% 2.0% 2.0% 2.0%
Pileup -1.2%  -26%  -3.0% -2.0%

Jet energy scale + resolution 25.1% 16.6% 24.2%  32.5%

- 2.87 2.1 7.79 10.09
Generator modelling J_r4_4<£ J_r4.9z/2 J—FMQ J—r5.2%ﬁ
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5.8 Non-Perturbative and Fiducial Acceptance
Correction Factors

In some cases, theory predictions and calculations are only done at the parton level.
In order to allow for comparisons to the measurements made in this analysis, non-
perturbative correction factors are supplied. Also calculated, are the kinematic ac-
ceptance factors to allow comparisons to calculations which do not decay the Higgs

boson.

5.8.1 Non-perturbative Correction Factors

The non-perturbative effects to be included in these correction factors are the hadroniza-

tion process and the multiple parton interactions. Because these cannot be calculated,

different showering programs have adopted different methods of implementing them.
The correction factors are defined as the ratio of events in each bin at the particle

level to the events at the parton level

MPI+Had
Ni

Ci:NP = NinoMPIJrnoHad' <512>

To evaluate the non-perturbative correction factors and their uncertainties, the nom-
inal POWHEG ggF samples were interfaced with different showering programs with
different underlying event tunes. The nominal PYTHIA8 with the AU2 tune [137] was
used, HERWIG++ using the UE-EE-4-LO tune [138], PYTHIA6 using the AUET2B-
LO tune, and PYTHIAG using the AMBT2B-LO tune [139] were all also used. The
envelope of all non-perturbative correction factors is taken as the full uncertainty,

and the central point is taken as the final correction factor.
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5.8.2 Fiducial Acceptance Factors

The fiducial acceptance factors correct an undecayed Higgs boson, or the full phase
space of the diphoton decay, to the fiducial diphoton phase space used in this analysis.

They are divided into two separate parts,

Nfid

i (5.13)

Ci,Fid =

to account for the kinematic cuts on the photons: pr/m., >0.35 (0.25) and |n,| <2.37,

and

Nf’idJriso
7
Nfid

)

(5.14)

CiIso =

to account for the truth level isolation requirement on the photons: Ef° <14 GeV.
The fiducial factors are calculated at parton level with no underlying event.
Kinematic correction factor uncertainties are calculated by reweighting the nominal
PowHEG ggF sample to different PDFs. The MSTWO08 and NNPDF2.3 PDFs are
used as variations, and the envelope of all PDFs and their uncertainties are taken as
the final uncertainty on the fiducial factors. The MSTWO0S variations are taken from
the 42 eigenvector sets using the symmetrized ‘Master Equation’ of Equation 4.19.
NNPDF2.3 has 100 eigenvector sets. The central value for NNPDF2.3 is taken as
the average of all 100 sets, and the uncertainties are the +/- 1o around the central
value. As shown in Fig. 5.7, the cross section for CT10 is consistently smaller than
the cross section when using MSTWO08 or NNPDF2.3. Also shown is the impact the
PDF set can have on the shape of the rapidity distribution. HeraPDF was only used

as a cross-check and is not used in any uncertainty calculations. The effect of varying
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the QCD scales was also checked, and the results were negligible compared to the
PDF uncertainties. Uncertainties on the isolation efficiencies are calculated in the
same way as for the non-perturbative correction factors described in Sec. 5.8.1. Ta-
ble 5.31 summarizes the kinematic acceptance factors, and Tab. 5.32 summarizes the
isolation efficiencies. Example plots of the kinematic acceptance factors and isolation

efficiencies are shown in Fig. 5.8.
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Figure 5.7: Checks on the cross section in Higgs rapidity bins for four PDF sets. A
coarse binning is used on the left, while a finer binning to show more details is on the
right.
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Figure 5.8: The fiducial kinematic acceptance factors (open circles) and the isolation
efficiencies calculated at parton level. The full fiducial acceptance is calculated by
multiplying the two factors shown. Uncertainty bands for the kinematic acceptance
and isolation are from PDF variations and showering tunes respectively.
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5.9 Results

The unfolded differential cross sections as measured in data are presented here. The

differential cross sections are defined as

data,part
do;/dpr; = ——— 5.15
z/ pT,z £ W ( )
where nf*@P* i the number of unfolded events from data in bin i, £ is the in-

tegrated luminosity for the 2012 dataset, 20.3fb~!, and w; is the width of bin i.
Figures 5.10 through 5.13 show the final unfolded results for all variables. Results
are compared to MC Standard Model predictions, where the dashed line is the com-
bined contribution from VBF+W H + ZH + ttH, and the bands are the sum of the
VBF+WH + ZH + ttH contribution and the ggF component. All cross sections
have been normalized according to the LHC Higgs Cross Section Working Group [21]
cross sections. The theory band around the MC prediction is calculated from the
quadratic sum of scale variations, PDF variations, branching ratio uncertainty, and
non-perturbative modeling. Three ggF predictions are used for the comparisons to
unfolded distributions. HRes2.2 is used to calculate the inclusive Higgs boson pro-
duction from ggF, and it is compared to the data for the p}’, y,,, cosf*, pr., and
Ay, distributions. For distributions involving two or more jets, MiNLO HJJ, which
generates the Higgs boson in association with two jets at NLO, is chosen for the
theory comparison. All other distributions are compared to MiNLO HJ, which gen-
erates the Higgs boson in association with 0 and 1 jets at NLO. Uncertainty bands
for the theoretical predictions are the quadratic sum of the scale uncertainties, PDF
uncertainties, and non-perturbative uncertainties. The scale uncertainties were esti-

mated with the variation of the renormalization and factorization scales by factors
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of 2. PDF uncertainties were taken from the envelope of the CT10 PDF uncertainty
and the central values of the MSTWO08 and NNPDF2.3 PDFs. Uncertainty from
the non-perturbative modeling is taken from the non-perturbative correction factor
uncertainties described in Sec. 5.8.1. For the unfolded data, the black vertical error
bars represent the total uncertainty on the measurement, and the grey band is the
systematic component of the uncertainty. As seen in the plots, errors on the cross
section measurement are dominated by the statistical uncertainty.

All distributions measured in data show good agreement with the Standard Model
theory predictions. Slight excesses are seen in the jet multiplicity distributions for
both prjet >30 GeV and prjer >50 GeV shown in Fig. 5.10 and 5.11. These excesses
are not statistically significant. Another deviation from the predictions is seen in the

measured distribution of the azimuthal angle difference between the two highest pr

5
61

jets shown in Fig. 5.11. The excess is in the bin A¢;; > and has a significance
of 2.30. This distribution was cross checked by using only central jets and requiring
a tighter JVF cut; the excess is still present in this distribution suggesting that the
discrepancy is not a result of mismodeled pileup jets.

In addition to the differential distributions, fiducial cross sections were measured
for the inclusive case, the VBF topology case, and the jet multiplicities. Limits
were set for Higgs boson production in association with at least one lepton and in

association with missing transverse energy. Results for these measurements are shown

in Fig. 5.9 and summarized in Table 5.33.
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Fiducial region Measured cross section (fb)
Baseline 43.2 £ 9.4 (stat.) 755 (syst.) £ 1.2 (lumi)
Niegs > 1 21.5 & 5.3 (stat. )tg (syst.) £ 0.6 (lumi)
Niets > 2 9.2 + 2.8 (stat.) ] (syst.) £ 0.3 (lumi)
Niets > 3 4.0 £ 1.3 (stat.) £ 0.7 (syst.) £ 0.1 (lumi)
VBF-enhanced | 1.68 4 0.58 (stat.) (33 (syst.) £ 0.05 (lumi)
Neoptons = 1 < 0.80

Emiss > 80 GeV <0.74

Table 5.33: Measured cross sections in the baseline, Njets > 1, Njets > 2, Njets > 3
and VBF-enhanced fiducial regions, and cross-section limits at 95% confidence level
in the single-lepton and high- E7¥**¢ fiducial regions.

— T — T T
ATLAS L

Diphoton baseline e
| Hoyy, [s=8TeV * 4
L dt=20.3fb" o
NIetS >1 I S e
| —e— data syst. unc. * i
Nigs 22 | —
NJets >3 [ ] ———

Bl XH = VBF+VH +ttH |
W LHC-XS + XH

VBF-enhanced o —e— Bl HRes 2.2 + XH
- # STWZ + XH 1
Neptons 2 1 ——F—— & JetVHeto + X H
| # BLPTW + XH i
i B MiNLO HJ + XH
miss
Er™ >80 Gev —f M MINLO HJJ + X H
1 1 1 11 1 11 I 1 1 1 11 1 11 I 1 1 1 11 1 1 II
101 2x10? 1 2 345 10 2030 10?

Oy [fb]

Figure 5.9: The measured cross sections and cross-section limits for pp — H — ~v
in seven fiducial regions. The intervals on the vertical axis each represent one of
these fiducial regions. The data are shown as filled (black) circles. The error bar
on each measured cross section represents the total uncertainty in the measurement,
with the systematic uncertainty shown as dark grey rectangles. The error bar on
each cross-section limit is shown at the 95% confidence level. The data are compared
to state-of-the-art theoretical predictions (see text for details). The width of each
theoretical prediction represents the total uncertainty in that prediction. All regions
include the SM prediction arising from VBF, VH and ttH, which are collectively
labeled as X H.
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Figure 5.10: Particle level differential cross-sections for each variable.
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Figure 5.11: Particle level differential cross-sections for each variable.
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Figure 5.13: Particle level differential cross-sections for each variable.
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5.10 Monte-Carlo Comparisons for Gluon-Gluon

Fusion

As described in Sec. 5.1, there are many different theoretical predictions for the ggF
production process. The ones compared here are HRes2.2, POWHEG ggF, MiNLO
HJ, and MiNLO HJJ though many more exist. Figs. 5.14 through 5.16 show the
ratios of the data and theory predictions to the reference MiNLO HJ prediction.
Theory bands are calculated using the same prescription as in Sec. 5.9. Quantitative
comparisons between the measured data and the different ggF theoretical predictions
are done using a y? comparison. Table 5.34 shows the x? for each available prediction
normalized to the LHC-HXWG cross sections. There is agreement between all the
theoretical predictions and the unfolded data distributions; however, the dataset is
too statistically limited to make any more definitive statements, and this dataset is

unable to distinguish between the many ggF predictions at this time.
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Figure 5.14: Particle level differential cross-sections for each variable compared to a
selection of theoretical predictions of the Standard Model.
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Figure 5.15: Particle level differential cross-sections for each variable compared to a
selection of theoretical predictions of the Standard Model.
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Figure 5.16: Particle level differential cross-sections for each variable compared to a
selection of theoretical predictions of the Standard Model.
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Variable POWHEG MiNLO HJ MiNLO HJJ HRes2.2
Inclusive 0.25 0.29 0.32 -
VBF-enhanced | 0.29 0.22 0.20 -
Niets 0.42 0.36 0.30 -
! [GeV] 0.12 0.10 0.09 0.12
Y| 0.81 0.83 0.83 0.80
|cos 6| 0.59 0.57 0.58 0.56
pi [GeV] 0.84 0.82 0.79 -
mjj [GGV] 0.22 0.18 0.14 -
Hr [GeV] 0.43 0.39 0.34 -
NGV 0.33 0.33 0.30 -
|y | 0.64 0.58 0.51 -
P2 [GeV] 0.34 0.29 0.23 -
Adj;lrad] 0.21 0.28 0.24 -
Ay jjlrad] 0.45 0.46 0.42 -
Py [GeV] 0.02 0.03 0.03 0.04
Ay 0.73 0.74 0.74 0.73
|9, | 0.62 0.56 0.46 -
1 [GeV] 0.82 0.86 0.87 -
S 7 [GeV] 0.68 0.64 0.58 -
P2 [GeV] 0.45 0.38 0.32 -
N 0.64 0.58 0.49 -
PTyyj5 [GGV] 0.34 0.30 0.25 -

Table 5.34: Probabilities from y? tests for the agreement between the diffential cross
section measurements and the theoretical predictions. Each prediction is normalised
to the LHC-XS cross section before selection.

5.11 Summary

Measurements of the fiducial and differential cross sections for the Higgs boson de-
caying into diphotons were presented. Results were unfolded to particle level and
compared to Standard Model predictions. The inclusive cross section was measured

to be

o =43.2 + 9.4(stat) 753 (syst.) £ 1.2(lumi) fb. (5.16)
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This result is within 1.2 ¢ of the signal strength measured in Chapter 5 where the
events were divided into twelve different categories targeted at the individual produc-
tion processes. Many differential distributions were measured for various diphoton
kinematics and jet production in association with the Higgs boson. The measured
differential cross section distributions were compared to theory predictions and the re-
sulting x? values show acceptable agreement. Multiple ggF predictions were checked;
however, the results are extremely limited statistically and do not have the power to
distinguish between different theoretical predictions. All measurements show agree-

ment with Standard Model predictions.
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Chapter 6

Higgs Plus 1 Jet VBF Studies for
High Luminosity LHC

As luminosity increases at the LHC, higher pileup is expected. This was the case when
increasing the center-of-mass energy from 7 TeV to 8 TeV, and as a consequence,
the jet pr thresholds had to be revisited. Increasing jet pr thresholds can have a
large impact on the VBF production process where two forward/backward jets are
produced with very low transverse momentum.

A study was done using a specially produced 8 TeV VBF MC sample with an
average number of vertices of 40 (< p >=40). The nominal jet selection cuts were
applied, which during 2011 data taking had a pr threshold of 25 GeV. Selected jets
were then matched back to truth jets using a cone of AR = 0.4, and the fraction of
jets where at least one of the leading two selected jets was a fake jet (from pileup)
was checked. The dependence of this fraction on the number of vertices in the sample
shows the effect of pileup; an increase in the fake rate with increasing number of
vertices shows the jet selection is sensitive to the amount of pileup in an event. In the

current VBF coupling analysis described in Sec. 4.4.2, the dijet kinematics are heavily
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relied on to distinguish between VBF events and background events. Selecting on
pileup jets destroys the correlations between the jets and the shapes that enter into
the BDT will no longer look like VBF events. Figure 6.1 shows the fake rate fractions
for increasing number of simulated vertices. Also shown are the rates for increasing
jet pr thresholds for the leading jet/subleading jet divided into central (|| <2.5)
and forward jets. The original pr threshold of 25 GeV for both central and forward
jets shows a clear increasing fake rate with increasing number of vertices meaning it
is susceptible to pileup jets. When increasing the pr threshold to 30 GeV just for
forward jets, the fake rate is decreases by roughly half the rate. Further increasing
the jet pr thresholds has a small impact on the pileup dependence. It was decided
during 2012 data-taking to increasing the jet pr threshold for forward jets to pr >30
GeV.

— 25/25

—— 25/25, 30/30

— 30/25, 30/30
35/25, 35/30
40/25, 40/30

B SRS ++ 2

++, . 4+ T4
4+ =+
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Event Rate with at least 1 fake jet
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Figure 6.1: The dependence on the fake rates of jets on the number of vertices for
VBF MC. The first (second) set of numbers is for central (forward) jets. The two
numbers separated by a ‘/’ indicate the pr thresholds for the leading/subleading jets.

What is not obvious from Fig. 6.1 is the overall loss in VBF signal when raising
the jet pr threshold. Figure 6.2 shows the leading jet py thresholds for three different

sets of events: those events with at least two jets which pass VBF topology cuts
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(Anj; > 2.8, my; >520 GeV, (nu — 0.5(nj1 + 1j2)) <= 2.4, Adp,;; >= 2.6), those
events with at least two jets which fail the VBF topology cuts, and events with only
one jet with pr >30 GeV. This distribution is for the leading jet pr, so the subleading
jet pr will always be less than these distributions. As the jet py cut is raised, as it will
need to be for higher pileup situations, many of these 2-jet events will become 1-jet
events. A VBF category defined using only one tagged jet is proposed to recover these
VBF events which no longer pass 2-jet VBF topology cuts and to exploit diphoton+jet

kinematics to create a 1-jet VBF category with high VBF purity.
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Figure 6.2: The leading jet pr distribution for VBF events. The black distribution is
for 2-jet events which pass VBF topology cuts, the red distribution is for 2-jet events
which fail the VBF topology cuts, and the blue distributions is for 1-jet events.

6.1 MC Samples

MC samples are generated at truth particle level using POWHEG interfaced with
PyTHIAS for the parton shower, hadronization, and underlying event. Three samples
were generated: VBF, HJ (H+1jet ggF process), and HJJ (H+2jet ggF process). HJ

and HJJ were generated using the MiNLO procedure [99]. All three process were
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generated with the CT10 PDF. Scale uncertainties were calculated by varying the
renormalization and factorization scales up and down by factors of 2. The HJ and
HJJ ggF processes show a very small difference in rapidity between the diphoton and
leading jet system while the VBF process shows a larger separation. Therefore, the

VBEF 1-jet category will be defined by placing a cut at larger Ayg; separation.

6.2 1-Jet VBF Category

An H+1jet VBF category is proposed using the rapidity difference between the dipho-
ton and leading jet (Ayg;) as the discriminating variable. Figure 6.3 shows the
normalized Aypy; distributions for the VBF, HJ, and HJJ samples and their corre-
sponding scale uncertainties. The uncertainties for the VBF process are well behaved
and relatively small. The proposed 1-jet category will minimize the theory uncertain-
ties on the ggF contribution. ggF theoretical uncertainties are typically large when
applying dijet kinematic cuts to isolate the VBF process in a 2-jet category. With
the 1-jet category, the extraction of the VBF process relies on the ratio of ggF events
with high Ayg; separation to ggF events with low separation. This ratio ensures the
cancellation of large theoretical uncertainties. First, the ratio of high separation to
low separation is defined as
Ngu + Nv g

Rl — —9 6.1
low Ng7L +NV,L ( )

Here the subscript g (V) denotes the ggF (VBF) contribution, and the subscript
H (L) denotes the region of high (low) Ayy, separation. This can be rewritten by
defining the ratio of ggF' events in the region of large separation to ggF' events in the

low separation region: &9 = %Q—Z’ Then with the assumption that the VBF process
9,
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contributes very little in the region with low Ay, separation Eq. 6.1 becomes

) NV,H
Riga ~ €+ 7 (6.2)
g7

Here, N, 1, is the number of events in the low Ayy; region which is extracted exper-
imentally, and &Y and Ny g are from the theoretical expectations. The uncertainties
on the VBF signal extraction in the 1-jet category (the high Ayy; region) is expressed

as
(V/Not + Nt @ /Ny © 06Ny 1) /N, (6.3)

where 6£9 is the theoretical uncertainty on the ratio £9. As shown in Fig. 6.3, the
theoretical uncertainties on Ny g are relatively small. The scale uncertainties for ggF
were calculated for both high and low regions of Ayy; and then propagated to the
ratio £7. The resulting uncertainty on &9 was found to be 6.5%. This is significantly
less than the 20% ggF theoretical uncertainty associated with the 2-jet VBF categories
listed in Tab: 4.12.

It is important to ensure that the difference in Aygy; shape between the VBF
and HJJ process is maintained as the jet pr threshold is increased. Otherwise the
H+1j VBF category will not be viable for higher pileup scenarios. Ayg; X prajcut
2D distributions were checked for both VBF and HJJ events. These distributions are
shown in Fig. 6.4, and it can be seen that as the jet pr threshold is increased, the HJJ
events become more evenly spread over the lower Ayy, values, but the VBF events
maintain a concentration at Ayg; values around ~1.5.

The cut on Ayy,; was optimized for the different jet py thresholds and the results

for an integrated luminosity of 300 fb=! are shown in Tab. 6.1. Expected signal events
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Figure 6.3: The normalized Ayp; distributions for the VBF, HJ, and HJJ samples.
Shaded regions are the scale uncertainties calculated by varying the renormalization

and factorization scales
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Figure 6.4: Effective cross section [fb] of VBF (left) and ggF (right) processes as a
function of jet pr and Ayy; thresholds.

for VBF and ggF are listed along with the corresponding signal-to-background ratio

and error on the puypr measurement.

An assumed 5% error i

s included for the

ggF production process. The cut on Ayg; was stable across all jet pr thresholds.

Combining both a VBF 2-jet category with the proposed VBF 1-jet category lowers

the error on the VBF signal strength measurement. For jet pr thresholds above

50 GeV, the sensitivity

in the VBF 1-jet category dominates.
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VBF category 15 category

prj Ay, S ggF S/geF  Ap S ggl S/ggF  Ap || Ap"!
30 1.4 137.321  30.668 4.478  0.095 261.526 1203.739  0.217  0.146 0.080
35 1.4 120.202 25.320 4.747 0.101 255.874  988.994 0.259  0.138 0.081
40 1.4 103.333 20.985 4.924 0.108 247.336  814.661 0.304 0.132 0.084
45 1.4 87.569 17.285 5.066  0.117 235.912  681.020 0.346  0.128 0.087
50 1.4 73.577  14.827 4962 0.128 222203  573.959 0.387  0.127 0.090
55 1.4 61.162 12.139  5.039  0.140 207.925  482.780 0.431 0.126 0.094

Table 6.1: VBF Signal and ggF background rates for 300 fb~! integrated luminosity.
Thresholds on the the jet pr are given in GeV. Results are given for different values
of the threshold on pr;, and the resulting optimal value of the cut on Ayg; . Results
are shown for the expected accuracy of the signal strength measurement for the
individual categories and ther combination, Apu®t.

6.3 Sensitivity to New Physics

It was shown in Ref. [140], that a general form of the beyond-the-Standard Model

(BSM) HVV vertex can be written as

g 4 o
M (p,q) = M—V[/\(p QG — Do) + N €upod’ 4, (6.4)

where X and X" are the coupling strengths for CP-even and CP-odd interactions. The
Ayp; distribution will be affected by any BSM couplings in the HVV vertex. A A

value of zero corresponds to the Standard Model couplings. As can be seen from
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Eq. 6.4, the CP-even BSM coupling is dependent on the momentum of the gauge
bosons, causing the rapidity of the jets to be much smaller. This in turn causes a

lower separation between the leading jet and the diphoton system as shown in Fig. 6.6.
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Figure 6.6: Aypy; distribution dependence on the tensor structure of the HVV cou-
pling.

6.4 Conclusion

A 1-jet VBF category defined by the separation of the tagged jet from the diphoton
system is proposed for high-luminosity LHC running. This category isolates the VBF
production process while minimizing the ggF theoretical errors that typical 2-jet
VBF categories suffer from. Studies were done for varying jet pr thresholds, which
are expected to rise with increasing pileup. The optimized Ayy; cuts were shown to
be stable with respect to the py thresholds, and by relying on ratios of observables,
the ggF theory uncertainty is ~6.5%.

In addition to lowering the error on the VBF signal strength measurement, this

1-jet VBF category is sensitive to BSM couplings of the Higgs boson. Because the
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BSM couplings have a pr dependence, the shape of Ayy; becomes more central with

stronger the BSM coupling.



192

Chapter 7

Conclusions

Both experiments at the LHC, ATLAS and CMS, announced the discovery of the
Higgs boson in 2012, with sensitivity from mainly the diphoton and ZZ decay chan-
nels. While the discovery required a significance greater than 5 o from the combined
decay channels, the ATLAS significance of the diphoton decay channel was already
greater than 4 ¢ by itself. This was achieved by breaking down events into predefined
categories, taking advantage of the signal to background ratios in each category in
order to increase the overall significance. At the time of discovery, the diphoton anal-
ysis included one coupling category: a VBF category defined based on the kinematics
of the dijet system. The category was optimized using a cut-based analysis which
discriminated between VBF and both ggF and diphoton background processes. This
VBF category had the largest signal to background ratio of all the categories, and the
addition of the VBF category to the overall analysis increased the sensitivity from
around 4 ¢ to the final 4.6 ¢ in the diphoton channel. With its higher production
rate and small theoretical errors, with enough luminosity, the VBF' signal rate will
be able to very precisely measured.

After the discovery of the Higgs boson, the analysis shifted from a search to a
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measurement philosophy. Instead of optimizing on increased sensitivity, the goal
became lessening the errors on the signal strength measurements. More coupling
categories like the VBF category were added for the different production processes.
The VBF category was further optimized using a multivariate analysis which takes
into account the shapes of the kinematic distributions. The category was optimized
on background events but shown to also discriminate against ggF events as well. With
the improvement of the BDT VBF analysis, a second looser VBF category was added
to the analysis. A VBF signal strength of 0.8 was measured which is lower than the
expected Standard Model rate, but still consistent with it.

In addition to the measurement of the individual signal strengths, it is important
to understand the kinematic shapes associated with the production of a Higgs boson.
The first differential cross section measurements of the Higgs boson were presented in
this thesis, where data was unfolded to particle level. Particular focus was on diphoton
kinematics and the production of jets in association with the Higgs boson. The mea-
sured jet multiplicities show clear jet production in association with the production of
a Higgs boson, and a slight but not significant excess was observed for Nj.s >3. With
the current luminosity of the LHC Run I, the differential cross section measurements
were dominated by statistical uncertainties. Distributions were compared to various
theoretical prediction generated for the combined measured Higgs boson mass, but
with the limited statistics, there was no discriminating power between predictions.

With the end of Run I, attention was focused on conditions in Run II and beyond.
The energy of the LHC is to be increased, and a higher luminosity is expected.
With higher luminosity, more pileup is also expected, which can greatly affect the
jet acceptance for VBF categories. The jet pr threshold will mostly likely need to
increased, which greatly reduces the VBF acceptance in a 2-jet category. Therefore, a

1-jet VBF category was proposed which was optimized to discriminate between VBF
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events and 2-jet ggF events. The addition of this 1-jet category greatly reduced the
error on the signal strength measurement, and when the jet py threshold is raised
to around 50 GeV, the 1-jet category shows greater sensitivity for the VBF process
than the standard 2-jet category. It was also shown that this 1-jet category has the
potential to discriminate between different spin and CP quantum numbers of the

Higgs boson, which will grant insight into any beyond the Standard Model couplings.
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