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Abstract

The generation of vector boson mass via the Higgs mechanism in the Standard
Model has been confirmed by the 2012 discovery of a candidate Higgs boson in the
H—->WW, H— ZZ, and H — ~v decay channels. In contrast, the Yukawa cou-
plings hypothesized to provide the mass of fermions in the Standard Model have yet
to be observed. The H — 77 decay channel currently provides the best opportunity
for observing these couplings.

This thesis describes two separate but related searches for Higgs boson decays
in the H — 77 decay channel using proton-proton collisions recorded by the AT-
LAS detector. The first analysis is a general search for all Higgs boson production
mechanisms leading to a H — 77 decay using 4.5 fb=! of 7 TeV and 20.3 fb~! of
8 TeV proton-proton collision data. A deviation from the background-only hypoth-
esis is observed with a significance of 4.50 for a hypothetical Higgs boson mass of
myg = 125 GeV — a strong indication of a H — 77 signal. For the same mass point,
the best fit value for the signal strength is found to be 1.43703% x the Standard Model
expectation. The second analysis is a search for Higgs boson production in association
with a vector boson using 20.3 fb~! of 8 TeV proton-proton collision data. Results
in the Z; H — 7,7, channel indicate limits of 9.14 x the Standard Model expectation
for VH signal production at my = 125 GeV. In addition, two studies on enhance-
ment of computing performance in the ATLAS trigger and data analysis pipeline are

presented.
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Chapter 1

Introduction

The Standard Model of particle physics is the culmination of over a century’s worth
of development, owing its success to both profound theoretical insights and daunting
experimental research. With the discovery of a candidate Higgs boson by experiments
at the Large Hadron Collider (LHC) in 2012 [1, 2|, a crucial and long-sought compo-
nent of this model may finally be within experimental grasp. It is now of paramount
importance to understand the properties of this newly discovered particle, in partic-
ular whether it adheres to the theoretical predictions of the Standard Model Higgs
boson.

Initial measurements of this particle, in particular its mass [3], spin [4], and cou-
plings [5], indicate a strong consistency with the predicted properties of the Higgs
boson. In addition to the measurements being made in the original discovery chan-
nels, it is also important that measurements of this particle be made in other decay
channels, particularly those other than the electroweak bosons. The H — 77 and
H — bb decay channels will provide the best opportunity for measurements of the
particle’s fermionic decays in the lepton and quark sectors, respectively.

The upgrades currently underway at the LHC will see increases in both the instan-
taneous luminosity and center-of-mass energy of the proton beams used to generate
collisions. These upgrades will provide orders of magnitude more data, as well as ac-

cess to higher energy frontiers, allowing more precise measurement of fermionic Higgs



decay modes in the future.

This thesis presents the results of two separate but related H — 77 searches at
the ATLAS experiment at the LHC. The first is a general search for all Higgs boson
production modes leading to a H — 77 decay. This search is divided into three anal-
yses, each focusing on one of the possible decay modes of the 77 system: H — 7,7,
H — 7y, and H — ;7.1 These three analyses are collectively referred to herein as
the “main analyses.” The second search focuses on Higgs boson production in the
VH associated production mode. This search is divided into four analyses, each fo-
cusing on a particular combination of Higgs production mode and 77 decay mode:

VV[,,H — ThTh, VV[VH — TiTh, ZUH — ThTh, and leH — TlTh.2

These four analyses
are collectively referred to herein as the “VH analyses.”

This thesis focuses on the H — 77, and Z;H — 77, analyses, though some in-
formation common to all H — 77 analyses is also presented. Chapter 2 provides an
overview of the Standard Model with a focus on the theoretical model of electroweak
unification. Chapter 3 gives an account of the LHC and ATLAS experimental appara-
tuses, with Chapter 4 describing the techniques used to select and reconstruct events
recorded by the ATLAS detector. In Chapter 5, summaries of two studies to enhance
the computational performance of the ATLAS trigger and data analysis pipeline are

given. The main and VH analyses are detailed in Chapters 6-8, with results given in

Chapter 9, and brief conclusions given in Chapter 10.

'Here 7; denotes a leptonically decaying 7 lepton, while 7, denotes a hadronically decaying
T lepton.

2The fully leptonic VH decay channels, W;, H — 7y7; and Z; H — 7,7, are not considered due to
extremely limited statistics.



Chapter 2

Theoretical motivation

Over the past century, the Standard Model of particle physics has emerged as one of
the most successful theories in the history of science. It has provided predictions of
physical quantities to unprecedented accuracy, and is the most rigorously tested and
successful physical theory [6].

The Standard Model is founded on the theoretical framework of quantum field
theory. It consists of explicit constructions of three out of the four known fundamental
forces within this framework. The Standard Model also catalogs an assortment of
particles that constitute known matter and gauge bosons that mediate interactions.

Despite its overwhelming success, the Standard Model remains an incomplete and
merely effective theory. It also has yet to be validated in its entirety, most notably
missing full confirmation of the Higgs mechanism of electroweak symmetry breaking.

This chapter provides an outline of the Standard Model, in particular its particle
and force content, as well as its limitations. Particular focus is given to the historical
motivation and theoretical development of electroweak symmetry breaking via the
Higgs mechanism. In addition, potential Higgs boson search channels at the LHC are

enumerated, and the significance of the H — 77 decay channel is discussed.



2.1 The Standard Model of particle physics

The Standard Model is formulated as a relativistic, locally gauge-invariant quantum
field theory. Quantum field theories describe particles as quantized fluctuations of a
field and interactions as couplings between fields. Local gauge invariance mandates
that the dynamics of these fields are invariant under gauge transformations that may
be functions of z*.

The Standard Model is locally gauge-invariant (symmetric) under transformations
defined by the group SU(3) x SU(2) x U(1). The components of this internal symme-
try correspond to the strong [SU(3)| and electroweak [SU(2), x U(1)] forces. These
symmetries, via Noether’s theorem |7], give rise to conserved currents of strong (color)
charge, weak isospin, and weak hypercharge — the dynamics of which describe particle
interactions. The enforcement of local gauge invariance gives rise to massless vector
bosons, which act as the quanta of these currents and mediators of the corresponding
interactions. Due to the process of electroweak symmetry breaking, ostensibly via
the Higgs mechanism, the W= and Z vector bosons acquire mass, while their cousin,
the photon v, remains massless.

In the Standard Model Lagrangian, fermionic matter fields are described by Dirac
spinors and bosonic gauge fields are described by vector fields. The Higgs boson has
the distinction of being the only fundamental scalar particle. Masses are encoded as
coefficients of quadratic self-interaction terms. Each of the Standard Model forces has
a different characteristic strength, encoded in the Lagrangian by coefficients known
as “coupling constants.”

Naive treatment of higher-order loop diagrams, such as that in Figure 2.1, leads to
logarithmically divergent terms in quantum field theory calculations of gauge boson
interactions. A procedure known as “renormalization” was developed to recast these
infinities as energy-dependent cancellations that occur as corrections to the “bare”

masses and coupling constants [8|, resulting in the “physical” masses and coupling



Figure 2.1: A higher-order QED loop diagram.

constants which are actually measured. The physical (measurable) values of coupling
constants vary with the energy transfer of a given process. As a result, they are
referred to as “running couplings.”

The procedure of renormalization was originally developed in the context of quan-
tum electrodynamics, but in 1971 't Hooft showed [9, 10] that non-abelian Yang-Mills
gauge theories [11], which form the foundation of electroweak theory and quantum

chromodynamics, are also renormalizable.

2.1.1 Particle content

The particle content of the Standard Model is outlined in Table 2.1. The model
contains six types of leptons across three generations, six types of quarks across three
generations, four types of mediator particles, and one Higgs particle. For each quark
or lepton there exists a corresponding anti-particle with the same mass but all internal
quantum numbers reversed.

The lepton sector is made up of three charged particles, the e, y, and 7, and a
corresponding neutrino for each. The charged particles of the lepton sector participate
in both weak and electromagnetic interactions, while the neutrinos participate only in
weak interactions. No leptons carry color charge, and consequently they are excluded
from strong interactions. Each lepton (anti-lepton) is assigned a “lepton number” of
+1 (—1), a quantity which is conserved in weak and electromagnetic interactions.

In the Standard Model, neutrinos are treated as massless particles, and thus their

flavor should be conserved. However, experiments have conclusively shown [13] that



Type Name Symbol Generation Mass Spin  Charge

Electron e 1 0.511 MeV 1/2 -1

e-neutrino Ve 1 <225 eV 1/2 0

Lepton Muon L 2 105.658 MeV  1/2 -1
p-neutrino Yy 2 <0.19 MeV ~ 1/2 0

Tau T 3 1776.82 MeV  1/2 -1

T-neutrino Vr 3 <182 MeV  1/2 0
Up u 1 2.3 MeV 1/2 +2/3
Down d 1 4.8 MeV 1/2 —1/3
Charm c 2 1.275 GeV 1/9 +2/3
Quark Strange s 2 95 MeV 1?2 —1§3
Top t 3 173.5 GeV /o +2/3
Bottom b 3 4.18 GeV /2 —1/3

Photon vy - 0 1 0

Gluon g - 0 1 0

Gange boson W - 80.385 GeV 1 +1
Z A - 91.1876 GeV 1 0

Higgs boson Higgs H - 125.7 GeV 0 0

Table 2.1: Particle content of the Standard Model [12].

neutrinos do have mass, albeit small, by observing oscillation between different neu-
trino flavors. Consequently, lepton flavor violation does occur, and is introduced in
the Standard Model in the form of the PMNS matrix. The existence of global lepton
number conservation depends on the nature of neutrinos, and violation of this con-
servation law will occur if neutrinos are their own anti-particles (so-called “Majorana
fermions”).

The quark sector is made up of six fractionally charged quarks: the u, d, ¢, s, t,
and b. In addition to electromagnetic and weak isospin charge, the quarks also carry
color charge, and consequently participate in strong, weak, and electromagnetic inter-
actions. Quark bound states (hadrons and mesons) are assigned a “baryon number,”
determined by their quark/anti-quark content, B = %(ny —ng). Baryon number is
conserved in all interactions.

The gauge bosons act as mediators for the Standard Model interactions — the

photon for the electromagnetic force, the W+ and Z bosons for the weak force, and



the gluon for the strong force. In addition to couplings with the lepton and quark
matter fields, the non-abelian gauge symmetries of the Standard Model lead to self-
couplings of the gluon field, as well as various coupling combinations of the photon,
W#, and Z bosons.

The Higgs boson is the quantum of the Higgs field, which provides the mechanism
for electroweak symmetry breaking and mass generation in the Standard Model. It
couples directly to all massive particles in the Standard Model, including itself, with

coupling parameters proportional to the mass of the respective particle.

2.1.2 Quantum electrodynamics

Quantum electrodynamics (QED) is the quantum field theory formulation of electro-
magnetism. It is the oldest and best understood of all Standard Model theories [§],
and to date it has provided the most accurate predictions of any physical theory [6].

QED extends Maxwell’s classical (yet already Lorentz-invariant) formulation of
electromagnetism [14] to the quantum regime, where charge and current are quan-
tized, and the vector potential A* is reinterpreted as a mediator field. The QED

Lagrangian density is given by

_ _ 1 ,
LQED = w(ZVMau - mzﬁ)w - gelﬁ’Y“Auw - ZF;WFM ) (2'1)

where

Fo = 0,4, — 0,A,. (2.2)

Here v is the Dirac spinor of a charged particle, m,; is the corresponding particle mass,
A, is the photon vector field, and F),, is the field tensor, describing the dynamics of
a free massless vector field. The first term is simply the Dirac equation for a massive
free particle, the second term describes the QED interaction vertex, and the third

term describes a free massless vector field.



QED is invariant under the internal symmetry U(1), which corresponds to a gauge

transformation of the vector potential:
Ay — Ay 4 0u, (2.3)
with a simultaneous transformation of the Dirac field:
Y — e 7MY, (2.4)

where A is some function of z*.

The quantum of the mediator field is the photon, . The photon couples to any
particle with electric charge, including the charged leptons, quarks, and W* bosons.
The primary interaction vertex is shown in Figure 2.2. In this vertex, a charged
particle e enters, emits or absorbs a photon, and exits. The type and flavor of the
particle remain unchanged. The coupling constant for this vertex, g., is proportional

to the electric charge of the particle coupling to the photon.

Figure 2.2: Primary QED interaction vertex.

2.1.3 GWS electroweak theory and the Higgs mechanism

In the context of the Standard Model, the electromagnetic force is unified with the
weak force into a combined electroweak theory. This unification allows the weak and

electromagnetic forces to be seen as arising from the same underlying symmetry.
2.1.3.1 The weak force

The weak force was originally proposed to explain §-decay in radioactive nuclei. In

the decay, assumed at that time to be

n—pt4e, (2.5)



\ \Dlsrmeurlmv CURVE OF ﬁ-PAnr/cLzs

From Rapwm E

N\

N\

ANEEEN.

Figure 2.3: The energy spectrum of S-particles (electrons) in Radium E (the historical
name for ?!°Bi) S-decay [15].

Numser oF ﬁ-mnr/ues

+5 s, 690
Eneray 10° Vouts

it was observed [15] that the energy of the emitted electron was not constant. Instead,
a continuous spectrum of energies was observed, as illustrated in Figure 2.3. This was
problematic because the energy of the electron in a two-body decay is kinematically

determined to be a fixed value:

p, = MM (2.6)

2mp

Here mp is the mass of the parent nucleus, mp is the mass of the daughter nucleus,
and m, is the mass of the electron.
Pauli proposed [16] that the spectrum could be explained by the emission of a

second, electrically neutral particle (the neutrino) !:

n—pt+e +7. (2.7)

Pauli’s theory was given a quantitative formulation by Fermi [17], who treated the
[-decay interaction as an effective four-fermion vertex with coupling constant G, the
modern value of which is given by Gr/(hc)® = 1.166 x 107° GeV~2. Fermi’s theory

was the first effective formulation of the weak force.

LAt the time, of course, it was not known that multiple neutrino types existed, much less that
an anti-neutrino would be necessary for conservation of lepton number.



Fermi originally assumed that the interaction was parity-conserving, but this as-
sumption was challenged by Lee and Yang [18] in their effort to explain the so-called
7-0 puzzle (in which the K demonstrated parity-violating decay modes). An exper-
iment carried out by Wu [19] using spin-aligned ®Co atoms indicated a preferential
direction for the emission of electrons, thereby confirming parity violation in the weak
sector.

Full elucidation of the parity-violating structure of the weak interaction did not
come until 1958, when Feynman and Gell-Mann published a paper [20] exploring the
potential forms of the parity-violating weak currents. They began by considering the

most general form of the Lagrangian for the four-fermion S-decay interaction:
> Ci(,0i) (8,000, (2.8)

where the operators O; (1, 7%, v*, ¥#4°, and o** = (i/2)(y*y” — 4’y*")) combine with
the wave functions to form the five possible bilinear covariants, each with distinct
parity behavior (scalar S, pseudoscalar P, vector V', axial vector A, and antisymmetric
tensor T, respectively). The parity violation observed by Wu indicated the existence
of some axial component, although the experimental evidence was wildly conflicting
at the time. Feynman and Gell-Mann, presuming that the interaction involved in (-
decay was the same as that involved in muon decay, took muon decay measurements
as strong evidence for a V — A structure of the parity-violating component of the
weak force. This conclusion was confirmed by subsequent repetition of the conflicting

[-decay experiments.
2.1.3.2 Early electroweak unification

Unification of the weak and electromagnetic interactions was first proposed by Schwinger
in 1957 [21], who suggested that the weak and electromagnetic interactions might both
be generated by a triplet of vector fields. His work was followed by that of Glashow,

who proposed the modern SU(2), x U(1) construction of four vector mediator fields:

10



two massive charged mediators, one massive neutral mediator, and one massless neu-
tral mediator. At the time, no mechanism was known for generating the masses of
the three massive vector mediator fields, because introduction of a Proca mass term
of the form

m?AFA, (2.9)
destroys gauge invariance. Consequently, Glashow’s formulation was limited to the
idea of “partial symmetries,” where only a portion of the Lagrangian is invariant under
gauge transformations. These partial symmetries create corresponding “partial con-
servation laws,” which hold only when masses are neglected. Using these conservation
laws, Glashow was able to generate (through mixing of the underlying weak isotriplet
and weak isosinglet) the parity-violating structure of the weak interaction, while still

maintaining the parity-preserving vector structure of electromagnetic interactions.
2.1.3.3 Goldstone’s theorem

Before a complete formulation of electroweak unification could be constructed, a
mechanism for generating the masses of the vector bosons was necessary. Initial
attempts centered on the idea of spontaneous symmetry breaking, where a non-zero
vacuum has a different symmetry than that of the Lagrangian. For example, consider

a complex scalar field

b= ¢1+—ﬂi¢2 (2.10)
and a Lagrangian density
L= (0"9")(0u0) + 1?6"0 — X*(¢79)", (2.11)
which is invariant under transformations of the form
b — €. (2.12)
This yields a potential of the form
U(P) = —1*d"p + N (¢"9)*. (2.13)

11



Figure 2.4: A hypothetical Higgs potential, with continuous minima indicated by the
red circle.

Such a potential, often referred to as the “Mexican hat” potential, is shown in Fig-
ure 2.4. In this potential, there is a continuum of minima along the circle defined
by

¢2+¢2—“—2 (2.14)
1 2_)\2’ .

Because the Feynman calculus is a perturbative procedure around a ground state,
a ground state must be chosen around which to expand. This choice leads to no loss
of generality in the procedure, but any choice of ground state that does not share
the symmetry of the Lagrangian will “spontaneously break” the true symmetry of the
theory.

As an example, one might choose to expand about

¢1 = g ¢2 = 0. (2.15)

i
n=¢— Y £ = ¢o. (2.16)
Using these fields, the complex field may be rewritten as

qﬁ:%[%qtnntif], (2.17)

12



which can be substituted into the Lagrangian, yielding
1 2,2 1 :
L= 5(8“7})(8“7)) — |+ 5(8“5)(@5) + couplings + constant. (2.18)

The spontaneous breaking of the original symmetry results in a massive real scalar
field, n, with mass
my, = V2. (2.19)

Unfortunately, this procedure also results in the generation of a massless scalar field, &.
This is problematic in the context of electroweak unification because no such massless
scalars have been observed. The appearance of a massless scalar in this procedure
is, in fact, guaranteed by Goldstone’s theorem [22], which states that one or more
massless scalar bosons (termed “Goldstone bosons”) will appear whenever a continuous

global symmetry is broken.
2.1.3.4 The Higgs mechanism

In the early 1960s, it occurred to Higgs [23, 24| and a number of others |25, 26] that
the procedure of spontaneous symmetry breaking might work under the enforcement
of local gauge invariance. For example, the Lagrangian in Equation 2.11 might be

made invariant under transformations of the form
¢ — e@g, (2.20)

This can be accomplished by the introduction of a massless vector gauge field, A,

which transforms as

1
A, — A, + Eﬁua(x), (2.21)

and the substitution of the covariant derivative,

D, = 0, — igA,, (2.22)
into the Lagrangian (9, — D,,) to yield
. * . * * 1 v
L= [(0"+igA")¢*] [(0, — igAL)d] + pd*d — N2 (9" ¢)? — T B (2.23)

13



Figure 2.5: An incorrect “conversion” vertex resulting from a term which is bilinear

in different fields [§].

Here g is a coupling constant, and the last term of the Lagrangian is the field tensor
necessary to describe the dynamics of a free vector field.
As this Lagrangian shares the same ground states as that in Equation 2.11, it can

again be rewritten in terms of the fields n and £, and becomes
1 I 2,2 1 H
£ = | S(@n) @) — 17| + | 5(0€)(0,8)

+ [—EFWFW 41 ( M)QA“AH}

1 2 \7) (2.24)
(o
—1 (9X> (8“5)14”
+ couplings + constant.
Importantly, the gauge field A, has acquired a mass:
ma = gh. (2.25)

A

Once again, however, the Goldstone boson ¢ remains. Moreover, it appears to
couple to A, via the term
"y (g%) (9"€)A,.. (2.26)
This corresponds to a “conversion” vertex of the form shown in Figure 2.5. This
is an indication that the fields in Equation 2.24 do not correspond to true physical
particles [§].
The solution to this problem exploits the local gauge invariance of the Lagrangian.
Equation 2.17 can, to first order, be equivalently rewritten in terms of new fields h

and 0 as

<ﬁ + h(:v)) elnl@, (2.27)



By choice of a particular gauge,

alz) = ——6(z), (2.28)
i
the azimuthal mode 6 can be eliminated:
L rp
6> <X +h(z)) (2.29)

This component is absorbed by the gauge field:
A
A, — A, — g;@ﬁ(m). (2.30)
Thus, in this gauge, the Lagrangian becomes
1
e = S nun - ]

1 L 2 (2.31)
__Fnv _ L H
+{ iF FW+2<g)\> A AM]

+ couplings + constant.

The massless Goldstone boson has disappeared from the Lagrangian, absorbed
into the definition of A,. This creates a third degree of freedom for A,,, longitudinal
polarization, as would be expected for a massive gauge boson. A single physical
massive scalar remains, the only remnant of ¢, and is known as the “Higgs field,” the
quantum of which is known as the “Higgs boson.” Generation of gauge field mass via
the reformulation of a Lagrangian about a non-zero ground state, combined with the
removal of Goldstone bosons via a gauge transformation, is a technique known as the

“Higgs mechanism.”
2.1.3.5 GWS electroweak theory

Using the Higgs mechanism, Weinberg [27] and Salam [28] expanded on the work
of Glashow to form the modern Glashow-Weinberg-Salam (GWS) construction of
electroweak unification.

Unlike the example of Higgs and Goldstone given in the previous sections, which

broke a U(1) symmetry, GWS theory starts with a system that is invariant under

15



both SU(2) transformations in weak isospin space as well as U(1) transformations in
weak hypercharge space.

The formulation begins by considering a set of three weak isospin currents, j,,
coupling to a weak isotriplet of massless vector bosons, W, along with a weak

hypercharge current, j/’j, coupling to a massless isosinglet vector boson, B*:
9 v
— (g7, - W"+ Ej“ B*). (2.32)

The fields, as well as the V' — A structure of the weak force, are encoded in the

electroweak Lagrangian by

1 1
Low == ;W W" — B B
Firb (10, — g~ 24 2.33
+ fry (Zau—gﬁU'Wu—QgBu)fL (2.33)

+ fry" (10, — g’gBu)fR,
where W, and B, are the field tensors for the free vector fields, f; represents a
left-handed lepton or quark fermionic doublet, fr represent a right-handed fermionic
singlet, o are the Pauli matrices (the three-dimensional representation of SU(2)), and
g and ¢ are electroweak coupling parameters.
In order to generate masses, as well as to cause these underlying fields to mix,

four real scalar fields are introduced in a complex isospin doublet:

_ L (i tidy
°= ( b3 + iy ) (2:34)

This doublet is given a non-zero vacuum expectation value and coupled to the W*

and B* fields through the addition of a term in the Lagrangian:

2

Y _u(g), (2.35)

) 1 ,
(Zau - 950' W, —yg _Bu)ﬁb

LHiggs - 9

where U(¢) is again the Mexican hat potential given in Equation 2.13. As before, the

Lagrangian must be rewritten in terms of perturbations about some ground state of

16



this potential, and a gauge is chosen that again removes all but one degree of freedom
from ¢:

O — % ( v—i—%(a:') ) . (2.36)
Here the vacuum expectation value, v = £, is defined by the parameters of the poten-
tial. Although any choice of ground state will generate masses for the vector bosons, a
choice of ground state that leaves the Lagrangian invariant under some subset of sym-
metries will leave the gauge bosons associated with those symmetries massless [29].
Accordingly, the choice can be engineered to generate mass in the weak sector while
leaving the photon massless.

Expansion of Equation 2.35 about this minimum yields
Srtgen =5 (1) (Dh) — 11
+ %1112 gQW’“WM’

1
+ 52)2(92 +g*H2"2Z, (2.37)

+0A"A,

+ couplings + constant,

where
—— Wi g _ gW3 —g¢B, s gW32 +gB,
-k ¢ = =Z # T+

represent the physical W+, Z, and photon fields, which are a mixture of the underlying

(2.38)

fields. The W* and Z bosons have both acquired a mass while the photon remains
conspicuously massless. Of the four scalar fields originally introduced to create the
Higgs potential, three have been consumed to generate the longitudinal polarization
modes of the new massive particles, and only a single massive scalar Higgs field
remains.

One major observable consequence of this theory is the ratio of the W= to Z boson
masses. This ratio, derived from Equation 2.37, is given by

ow J = cos Oy . (2.39)

17




The parameter 6y is known as the “Weinberg angle,” and its measurement via neutral
current processes and Z pole observables gives precise agreement with the indepen-
dently measured ratio of the W* and Z boson masses [12].

The same Higgs mechanism can be also used to generate the masses of the
fermions. This is achieved by adding a Yukawa coupling between the fermion fields

and Higgs field to the electroweak Lagrangian:

LHiggs—Yukawa = _Gf [EQSfR + EqufL] ) (240)

where G is a coupling parameter that depends on the fermion type. When rewritten

about the ground state in Equation 2.36, this becomes

LHiggs-Yukawa = —%v(ﬁf}z + frfL) — %(Ef;g + frfr)h. (2.41)

The first term of Equation 2.41 is a Dirac mass term, with

G
S

while the second term represents a coupling with the Higgs field, which, due to the

my (2.42)

presence of Gy in Equation 2.42, should be proportional to the mass of the fermion
in question.

While the GWS theory has proved tremendously successful in its predictions of
the W¥* and Z boson masses, as well as their ratio, it provides no mechanism for
predicting the Higgs boson mass. This problem stems from the unknown parameters
of the Higgs potential. At present, experimental searches for the Higgs boson offer the
only avenue for determination of its mass. Nevertheless, other electroweak observables
can be used to constrain the most likely value for the Higgs boson mass [30]. These

fits, along with pre-discovery experimental exclusion regions, are shown in Figure 2.6.

2.1.4 Quantum chromodynamics

Quantum chromodynamics (QCD) is the quantum field theory formulation of the

strong nuclear force. QCD is invariant under the internal symmetry SU(3), which
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Figure 2.6: Best-fit values for the Higgs boson mass with experimental exclusions
indicated [30].
corresponds to rotations in color space. The mediator of the strong force is the
gluon, g. The gluon couples to any particle with color charge, including quarks,
anti-quarks, and other gluons.

The portion of the Standard Model Lagrangian governing strongly interacting

particles is given by

1
GG (2.43)

Loep = (i 0, — mg)q — 957" NaGlq —
Here g represents a quark matter field (one for each quark flavor and color), A, are
the Gell-Mann matrices (the eight-dimensional representation of SU(3)), and G, are

the gluon vector fields. The primary quark/gluon interaction vertex is shown in

Figure 2.7.
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Figure 2.7: Primary QCD interaction vertex.

In this vertex, a quark carrying color ¢; enters, emits a gluon with one unit of
color ¢; and one unit of anti-color ¢3, and exits with the same flavor but color ¢y. The
actual color composition of gluons can be more complex than is represented here,
because adjoint representations of SU(3) must be formulated using at least some
linear combinations of color-anticolor states to avoid creation of color singlet states.
The color charge carried by gluons also gives rise to the three and four gluon vertices

shown in Figure 2.8.

Figure 2.8: Three and four gluon QCD vertices.

Due to the algebraic structure of its underlying symmetry group and the quark
content of the model, QCD exhibits a behavior known as “asymptotic freedom,” where
the interaction strength between particles grows as the distance between them in-
creases. This gives rise to the phenomenon of “confinement,” in which the existence
of quarks and gluons is restricted to the bound states of hadrons. As quarks and
gluons are pulled apart, they fragment into other hadrons, which in the context of a
particle detector create particle showers known as “jets.” Figure 2.9 shows a three jet
event in the OPAL detector, where two quarks fragmented into jets, and one quark

radiated a gluon that fragmented into a third jet.
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Figure 2.9: A three jet event in the OPAL detector [31].

2.2 Shortcomings of the Standard Model

While the Standard Model’s agreement with experiment is nothing short of spectac-

ular, it is very clearly not a complete and final theory.

2.2.1 Grayvity

The most obvious shortcoming of the Standard Model is the glaring omission of grav-
ity. To date, no suitable quantum theory of gravity has been formulated, primarily
due to the fact that quantum gravity appears to be non-renormalizable. However,
this absence is not entirely catastrophic to the theory, as gravity is many orders of
magnitude weaker than the strong, weak, and electromagnetic forces at the energies

and timescales associated with typical particle interactions.
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2.2.2 The Hierarchy Problem

Another subtle but perhaps more important issue is the so-called “hierarchy problem.”
While not technically a deficiency of the Standard Model, the hierarchy problem arises
when trying to formulate the Standard Model as part of a larger “Grand Unified
Theory,” where concern arises over the vast disparity in strength between the weak
force and gravity. Theories that postulate unification of the fundamental forces at
energies around the Planck scale necessarily invite large quantum corrections to the
bare mass of the Higgs boson. In order to generate a Higgs boson mass on the order
of ~ 100 GeV, these corrections, on the order of 10'® GeV or higher [6], would need
to cancel to incredible precision. Such cancellations appear highly unnatural in the
absence of any mechanism to explain them.

One proposed solution to the hierarchy problem is a class of theories known as
“supersymmetry.” Supersymmetry, or SUSY for short, postulates that each particle
of the Standard Model has a corresponding “superpartner” particle with the same
mass but different spin. In the case of fermions, the superpartners are bosons, and
in the case of bosons, the superpartners are fermions. In such a scheme, the loop
corrections to the Higgs boson mass cancel between particles and their superpartners,
and no unnatural fine-tuning is required for the Higgs boson mass to have its observed
value. Complete cancellation would require superpartners to have the same mass
as their corresponding partners, a property which experimental searches have ruled
out. Consequently, if SUSY exists, it must be a broken symmetry, and thus the loop
cancellations induced by superpartners are not exact, merely mitigating the hierarchy

problem into a so-called “little hierarchy problem.”

2.2.3 Non-perturbative QCD

A more practical and pressing problem in Standard Model physics arises in the context

of QCD interactions. In particular, the perturbative calculus that underlies most
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calculations in quantum field theory breaks down for low-energy QCD calculations,
where the coupling constant, a, becomes large. The typical approach to this problem
involves a process known as “factorization,” where the scattering cross section for a
QCD process is expressed as the convolution of two terms: a “hard” term, which can
be calculated using standard perturbative methods, and a non-perturbative parton
density function, values of which can be measured by experiment [32]. An important
consequence of this procedure is the introduction of another calculational scale, known
as the “factorization scale,” which acts as a sort of cut-off between hard and soft QCD

processes [32].

2.2.4 Parameters depending on experiment

Perhaps the most unsettling aspect of the Standard Model is its large number of
parameters that must be taken solely from experiment. In particular, the Standard
Model offers no ab initio prediction of particle masses nor coupling strengths. It
also offers no explanation for the apparent generational structure of the quarks and
leptons, nor for the disparities in masses between generations. It will be the job of
future theories to further elucidate these aspects, though the Standard Model will

likely remain the low-energy limit of a larger unified theory.

2.3 Potential Higgs boson search channels at the LHC

The 7 and 8 TeV proton-proton collisions of the LHC provide several Higgs boson
production mechanisms, and the ATLAS and CMS detectors are both capable of
identifying this production by searching a wide variety of decay channels [33, 34].
There are four primary Higgs boson production mechanisms at the LHC: gluon-
gluon fusion (ggF), vector boson fusion (VBF), and two associated production modes.
The associated production modes include one in which the Higgs boson is produced

in association with a vector boson (VH, where V is a W or Z boson) and another
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(c) VH associated production (d) ttH associated production

Figure 2.10: Various Higgs boson production modes at the LHC, including (a) gluon-
gluon fusion, (b) vector boson fusion, (¢) VH associated production, (d) ttH associated
production.

where the Higgs boson is produced in association with a ¢t pair (ttH). These processes
are illustrated in Figure 2.10.

The cross sections for these production modes as a function of hypothetical Higgs
boson mass are shown in Figure 2.11. The ggF and VBF processes are the dominant
production modes at the LHC for my > 100 GeV.

In addition to multiple production modes, there is also a large number of decay
modes that can be studied at the LHC. The Higgs boson branching ratios as a func-
tion of hypothetical Higgs boson mass are shown in Figure 2.12. Low-branching-ratio
channels, such as H — vy and H — ZZ, provide the cleanest probes of Higgs decays,
while high-branching-ratio channels, such as H — bb, H — WW, and H — 77, pro-
vide more signal events at the cost of more complicated event topologies and larger

backgrounds.
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Figure 2.11: Higgs boson production cross sections for proton-proton collisions at
Vs =8 TeV as a function of hypothetical Higgs boson mass [35].

2.3.1 Importance of the H — 77 decay channel

The H — 77 decay channel provides an important probe of Higgs physics at the
LHC. In particular, it is currently the only accessible measurement of the Higgs boson
coupling to leptons, providing direct evidence of mass generation in the lepton sector
via the Higgs mechanism. Analysis of the VH production modes may also provide a
measurement of the coupling ratio ggww /guzz [36].

Quite fortuitously, the H — 77 branching ratio in the vicinity of my = 125 GeV
is relatively high compared to other decay modes. The 7 leptons themselves decay
hadronically with a branching ratio of ~ 65% and leptonically with a branching ratio
of ~ 35% [12]. This leads to a rich collection of fully hadronic, fully leptonic, and

mixed leptonic-hadronic final states, all of which can be feasibly exploited.
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Figure 2.12: Higgs boson branching ratios as a function of hypothetical Higgs boson
mass [35].
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Chapter 3

Experimental setup

The H — 77 analyses were performed on proton-proton collisions at the LHC using
data collected by the ATLAS detector. This chapter provides an overview of the
design specifications for both the collider and detector. The ATLAS luminosity mea-
surement procedure is also outlined. The collision and data taking periods in 2011

and 2012, collectively referred to as “Run I,” are summarized in Section 6.2.

3.1 The Large Hadron Collider

The LHC is a proton-proton and heavy-ion collider. The motivation for and design of
the LHC are described in [37]. It is designed to facilitate the discovery of TeV-scale
physics beyond the Standard Model through high center-of-mass energy collisions.
The high-intensity beams of the LHC also allow for more precise probes of known
Standard Model processes.

The LHC is part of a larger accelerator complex at CERN, which also includes mul-
tiple linear accelerators, the Proton Synchrotron Booster, the Low Energy Ion Ring
(LEIR), the Proton-Synchrotron (PS), and the Super Proton Synchrotron (SPS). A
diagrammatic representation of the CERN accelerator complex is given in Figure 3.1.
These accelerators, some dating back to the 1950s, are used sequentially to gradually
increase the energy of particles to a level suitable for injection into the LHC. The LHC

itself is 26.7 km in circumference and was constructed in the tunnel originally built for
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Figure 3.1: The CERN accelerator complex [38].

the Large Electron-Positron (LEP) collider. Having originally been constructed for
a leptonic matter-antimatter collider, the tunnel imposed certain design constraints
uncommon for a hadronic matter-matter collider.

The LHC consists of two counter-rotating proton-proton beams, each with a
design energy of 7 TeV, for a combined center-of-mass collision energy of 14 TeV.
Each beam is designed to contain 2,808 proton bunches, with each bunch contain-
ing 1.1 x 10" protons. Colliding at a rate of 40 MHz yields a design instantaneous
luminosity of 10** cm~2s~!. This high luminosity necessitates the use of two matter
beams, which must be spatially separated. This is in contrast to matter-antimatter
colliders, such as the Tevatron, where the matter and antimatter beams may share
the same beam pipe. The LHC is also designed to collide lead ion beams at a center-

of-mass energy of 5.5 TeV and a peak instantaneous luminosity of 102" cm~2s~%. The

maximum energy of the LHC beams is limited by the strength of the magnetic dipole
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field in the storage ring, with a field of 8.33 T corresponding to an energy of 7 TeV.
The maximum beam intensity is limited by a number of factors, including beam-
beam interactions affecting each particle at collision points, the aperture of the beam
screen, and heat load due to synchrotron radiation. Energy and luminosity are also
both limited by the ability to safely discharge the beams.

The LHC lattice is primarily composed of 1,232 dipole magnets, although a variety
of other magnets affecting beam parameters are also used. A twin-bore superconduct-
ing dipole magnet design was chosen to allow side-by-side placement of the proton
beams, a necessity due to the size of the LHC tunnel. The LHC also includes 16
400 MHz superconducting radio-frequency (RF) cavities used to accelerate particle
beams.

The LHC hosts a variety of experiments using the same proton and lead-ion beams,
each with a different range of capabilities and physics goals. There are four primary
experiments situated at the four beam-crossing points of the LHC. Two of these exper-
iments are general-purpose detectors: ATLAS, short for A Toroidal LHC ApparatusS,
and CMS, short for Compact Muon Solenoid. Both are designed to detect and study
a range of Standard Model and beyond the Standard Model physics. There are also
two special purpose detectors: LHCb, which focuses on the study of b-quark physics,
and ALICE, short for A Large Ion Collider Experiment, which is dedicated to the

study of the quark-gluon plasma that forms in the wake of heavy ion collisions.

3.2 The ATLAS detector

The ATLAS detector is a general-purpose detector situated at Point 1 of the LHC.
The motivation for and design of the ATLAS detector is described in [39]. The goals
of the ATLAS experiment include both discovery of new physics as well as precision

study of known physics processes. One primary design benchmark for the ATLAS
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Figure 3.2: The ATLAS detector with subsystems labeled [39].

detector was its performance in detection and identification of the Standard Model
Higgs boson.

The detector is designed as a cylindrically nested structure composed of multiple
independent subsystems. The cylindrical “barrel” layers of the detector are comple-
mented by circular “end-cap” layers, and together these layers work to surround the
collision point as hermetically as possible. Each of the subsystems of the ATLAS de-
tector serves a unique purpose. A diagram of the primary components of the ATLAS
detector is given in Figure 3.2. In addition to the physical subsystems of the detector,
hardware and software triggers are used to filter events recorded by the detector.

The coordinate system used when describing the detector originates from the
nominal beam collision point in the center of the detector. The z axis runs along the
beamline of the detector through the barrel section, while the x axis points toward the
center of the LHC and the y axis points toward the top of the detector. A cylindrical

coordinate system is most often used, with the R — ¢ plane perpendicular to the
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z axis. The R coordinate is measured from the beam axis and the azimuthal angle
¢ is measured from the x axis in the direction of the y axis. The polar angle 0 is
measured relative to the z axis. For high-momentum particles, where p > m (E = p),

pseudorapidity 7 is used to describe a particle’s trajectory relative to the beamline:

n=—In [tan (g)] (3.1)

For massive particles, rapidity y is used:

1 E+p,
=1 : 2
y 2n<E_pz> (3.2)

The metric for n — ¢ space, AR, is given by

AR = /A2 + Ag2. (3.3)

Two additional quantities, the transverse and longitudinal impact parameters, are
also defined for tracks. The transverse impact parameter, denoted dy, is the distance
between the track and the beamline at perigee (the point along the track which is
closest to the beamline). The longitudinal impact parameter, denoted zg, is the z
coordinate of the track at perigee.

One important design consideration for the ATLAS detector is its robustness to
the effects of so-called “pile-up.” There are two types of pile-up that affect the detec-
tor: “in-time” pile-up and “out-of-time” pile-up. In-time pile-up is due to additional
inelastic proton-proton collisions in the same bunch crossing, which produce tracks
and energy deposits in the detector. Out-of-time pile-up is due to proton-proton in-
teractions in previous or future bunch crossings, which are problematic because the
readout time of some detector systems, specifically calorimeters, is longer than the
bunch crossing period. In addition to design considerations aimed at mitigating these
effects, analysis-level corrections to account for pile-up are applied as described in

Chapter 4.
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3.2.1 Inner Detector

The function of the Inner Detector is to provide precise, high-resolution tracking
information. The Inner Detector is composed of three subsystems: the Pixel Detector,
the Semi-Conductor Tracker (SCT), and the Transition Radiation Tracker (TRT).
Tracking coverage is provided by the Pixel Detector and SCT up to |n| = 2.5 and by
the TRT up to |n| = 2.0. A diagram of the Inner Detector components is shown in
Figure 3.3.

The Inner Detector is permeated by a magnetic field generated by the ATLAS
solenoid magnet system. This allows the Inner Detector to determine charged particle
momentum, which is inversely proportional to track curvature, as well as particle
charge, which is indicated by the direction of track curvature.

The position resolution of the Inner Detector decreases with distance from the

beamline. The innermost layers of the Inner Detector are pixel layers, providing
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precise reconstruction of the collision vertex, surrounded by the lower-resolution SCT
layers and the TRT. This approach allows for precise tracking without excess cost,

material thickness, or readout bandwidth.
3.2.1.1 Pixel Detector

The Pixel Detector is a silicon-based detector that detects the transit of charged par-
ticles through silicon pixels. Particles passing through the pixels ionize the silicon,
leaving a detectable charge distribution. The Pixel Detector is a modular design
composed of three barrel layers complemented by three end-cap layers at each end of
the detector. Each layer is a circular arrangement of staves mounted with multiple
individual pixel modules. All pixel modules within the ATLAS detector are identi-
cal rectangular arrays of pixels. There is a total of 1,744 pixel modules within the
ATLAS detector. Each pixel module contains 47,232 pixels, with ~ 90% of pixels
50 pum x 400 pm in size and the remainder 50 pm x 600 um in size. Every pixel
module contains 46,080 unique readout channels, resulting in approximately 80.4 mil-
lion readout channels for the Pixel Detector. The Pixel Detector provides an intrinsic
accuracy of 10 pym in the R — ¢ plane, with the barrel and end-cap layers providing

an intrinsic accuracy of 115 ym along the z and R axes, respectively.
3.2.1.2 Semi-Conductor Tracker

The SCT is similar in purpose and function to the Pixel Detector, but is designed to
be located farther from the beam axis with lower resolution requirements. The SCT is
a modular design composed of four barrel layers complemented by nine end-cap layers
at each end of the detector. Like the Pixel Detector, each SCT layer is composed of
staves mounted with multiple individual modules. Unlike the Pixel Detector, SCT
modules are composed of two bonded layers of silicon strips, with the two strip layers
oriented at a small relative angle. This allows reconstruction of particle transits

through the module in two dimensions, albeit with some ambiguity. It is also worth
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noting that, unlike the Pixel Detector, SCT modules are not completely homogeneous.
In particular, modules in the barrel layers, which are made of rectangular arrays of
silicon strips, differ from those in the end-cap layers, where the silicon strips are
arranged along annular segments. There is a total of 8,176 SCT modules within the
ATLAS detector, resulting in approximately 6.3 million readout channels for the SCT.
The SCT provides an intrinsic accuracy of 17 um in the R — ¢ plane, with the barrel
and end-cap layers providing an intrinsic accuracy of 580 pum along the z and R axes,

respectively.
3.2.1.3 Transition Radiation Tracker

The TRT is a straw tube tracker surrounding the SCT. The TRT only provides R — ¢
position information, with an intrinsic accuracy of 130 um per straw. On average,
the TRT yields 36 hits per particle track, and has a total of approximately 351,000
readout channels. The large number of hits and longer track length coverage enhance
the precision of particle momenta measurements. Transition radiation photons, gen-
erated by electrons passing through the TRT, provide additional criteria for electron
reconstruction and identification. In the barrel region, the TRT straws are arranged
parallel to the beamline, and in the end-cap region, the TRT straws are arranged

radially.

3.2.2 Magnet system

ATLAS contains two magnet systems: a solenoid and a toroid. The fields generated
by these magnets cause charged particle tracks to curve, allowing the Inner Detector

and Muon Spectrometer to determine their charge and momentum.
3.2.2.1 Solenoid magnet

The ATLAS solenoid magnet surrounds the Inner Detector, providing charged particle

track curvature primarily for the Inner Detector. It generates an axial 2 T magnetic
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field which permeates the Inner Detector systems. It is 5.3 m long and 2.5 m in
diameter, providing a near-uniform field in the central region, || < 1.6. At |n| > 1.6,
the momentum measurement degrades by less than 10% due to non-uniformity of the

magnetic field.
3.2.2.2 Toroid magnet

The ATLAS toroid magnet is arranged with eight-fold azimuthal symmetry around
the calorimeter system. Its primary purpose is to provide bending of muons for mo-
mentum measurements by the Muon Spectrometer. It is composed of three parts: one
barrel portion, with a field primarily permeating || < 1.4, and two end-cap portions,
with fields primarily permeating 1.6 < |n| < 2.7. A photograph of the barrel portion
of the ATLAS toroid is shown in Figure 3.4. The bending power of the toroid is
calculated in terms of the integrated field strength between the innermost and outer-
most muon-chamber planes, ranging from 1.5 to 5.5 Tm in || < 1.4 and 1 to 7.5 Tm
in 1.6 < |n| < 2.7. A smaller but non-zero magnetic field exists in the 1.4 < |n| < 1.6

region due to overlap of the barrel and end-cap magnetic fields.

3.2.3 Calorimetry

There are two primary calorimeters in the ATLAS detector: the electromagnetic
calorimeter and the hadronic calorimeter. A forward calorimeter also provides cov-
erage of high-pseudorapidity regions. All use different techniques to measure energy
deposits in the detector. Precise energy measurement is essential for the reconstruc-
tion and calibration of particle and jet energy, as well as EX5. The layout of the
ATLAS calorimeter components is shown in Figure 3.5.

Hermeticity is essential for ensuring proper jet energy and ER calibration, as
well as minimizing the interaction of “punch-through” particles (jet debris leaking

through the calorimeter) with the muon system. Anywhere from 9.7 to 11 interaction
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Figure 3.4: The barrel segment of the ATLAS toroid magnet [39].

lengths of active material across the 1 range of the detector ensure jet punch-through

is reduced to a level below that of other muon backgrounds.
3.2.3.1 Electromagnetic calorimeter

The electromagnetic calorimeter is a liquid argon based sampling calorimeter. It uses
alternating layers of lead absorber and liquid argon active material to measure energy
deposits of electrons and photons. The calorimeter is composed of accordion-shaped
electrodes and absorber plates to provide isotropic coverage in ¢.

The barrel region segment of the calorimeter is separated into two identical cylin-
drical components separated by 4 mm at z = 0, and covers the range |n| < 1.475. The
end-cap segments of the calorimeter are separated into two coaxial wheels covering
1.375 < |n| < 2.5 and 2.5 < |n| < 3.2.

The barrel segment and outer-wheel of the end-cap segment are divided into three

layers, each with decreasing granularity. The first layer provides extremely fine seg-
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Figure 3.5: The ATLAS calorimeter system [39].

mentation in 7, with strip cells covering regions of 0.0031 x 0.098 in 7 x ¢ space.
The second layer, where the majority of energy is deposited, uses square cells of
size 0.025 x 0.0245 in 1 X ¢ space. The third layer, which absorbs the tails of elec-
tromagnetic showers, is segmented into cells of 0.05 x 0.0245 in n x ¢ space. The
electromagnetic calorimeter has approximately 180,000 readout channels.

The electromagnetic calorimeter is also complemented by two argon presampler
layers in the region |n| < 1.8. These presamplers provide an energy measurement for

particles that begin to shower before reaching the electromagnetic calorimeter.
3.2.3.2 Hadronic calorimeter

The hadronic calorimeter is a sampling calorimeter used to measure the energy of
hadronic decay products in the ATLAS detector. It consists of a large barrel seg-
ment, two smaller extended barrel segments, and two end-cap components. It is

positioned directly outside of the electromagnetic calorimeter. The barrel segments
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of the calorimeter are composed of alternating layers of steel and scintillating tiles,
which are read out by wavelength-shifting fibers and photomultiplier tubes.

The central barrel segment covers || < 1.0 and the extended barrel segments
cover 0.8 < |n| < 1.7. The end-cap segments of the calorimeter are liquid-argon-based,
using copper as an absorber. They are separated into two coaxial wheels covering
1.5 < |n| < 3.2.

The fibers that read out light from the scintillating tiles are grouped in a manner
that divides the hadronic calorimeter into three layers of cells, with the first two layers
having dimensions of 0.1 x 0.1 in 77 X ¢ space and the third layer having dimensions of
0.2 x 0.1 in n x ¢ space. The hadronic calorimeter has approximately 15,000 readout

channels.
3.2.3.3 Forward calorimeter

The forward calorimeter provides energy measurements in the high-pseudorapidity
region, 3.1 < |n| < 4.9. It uses liquid argon as its active material, sharing a cryostat
with the electromagnetic and hadronic calorimeter end-caps. There are three modules
in each end-cap of the forward detector. The first module uses copper as absorption
material and is primarily designed for electromagnetic measurements. The latter
two modules use tungsten as absorption material and are optimized for hadronic

measurements.

3.2.4 Muon system

The ATLAS muon system is divided into two components: a tracking system (the
Muon Spectrometer), which provides precise measurements of muon momenta, and
a triggering mechanism, which allows for high-speed identification of muons in an
event. The ATLAS muon system components are shown in Figure 3.6.

As with the Inner Detector, the muon momentum measurement relies on the

magnetic deflection of charged particles, in this case provided by the ATLAS toroid
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Figure 3.6: The ATLAS Muon Spectrometer [39].

magnets. Tracking in the barrel region is provided by three layers of monitored drift
tubes (MDTs) covering |n| < 2.7, supplemented in the first layer of the end-caps by
cathode strip chambers (CSCs) covering 2.0 < |n| < 2.7. The CSCs provide better
performance at higher rates, as well as better time resolution. The MDTs have a
spatial resolution of 35 pym per chamber, while the CSCs provide a spatial resolution
of 40 pm in the y-z plane and 5 mm in the transverse plane. The Muon Spectrometer
is designed to measure the momenta of 1 TeV tracks to 10% accuracy and to provide
a precise standalone measurement of low-p; muons.

The muon trigger system, which covers |n| < 2.4, is capable of triggering on muons
with a time resolution of 15-25 ns. It uses resistive plate chambers (RPCs) in the
barrel and thin gap chambers (TGCs) in the end-caps to detect the presence of muons

in an event for use in the Level 1 trigger.

39



3.2.5 'Trigger

The tremendous event rate generated by the LHC necessitates rapid yet stringent se-
lection criteria on proton-proton collisions in order to meet the target event recording
rate of ~ 200 Hz. ATLAS utilizes a three-tier trigger system to select events based
on criteria of interest, such as large EX5 high-pr muons, jets, electrons, photons, or
hadronically decaying 7 leptons.

The level 1 (L1) trigger is hardware-based, using a combination of calorimeter and
muon trigger information to select events. As part of its selection process, it identifies
solid angle Regions of Interest (Rols), where interesting features have been flagged
for analysis by subsequent trigger levels. It does not use any tracking information. It
is designed to reduce the event rate to 75 kHz in a processing window of 2.5 us.

The level 2 (L2) trigger is software-based, and has access to all detector data
within Rols. It uses approximations of offline algorithms to reduce the event rate to
approximately 3.5 kHz in a processing window of 40 ms.

The third component of the ATLAS trigger system is the Event Filter (EF). It
is a software-based trigger using near-offline analysis procedures to reduce the event
rate to 200 Hz in a processing window of ~ 4 s.

The level 2 trigger and Event Filter are collectively referred to as the “High-Level
Trigger” (HLT).

3.2.6 Luminosity measurement

The ATLAS luminosity measurement procedure is summarized in [40]. Accurate
integrated luminosity measurement is essential for event rate modeling. Uncertain-
ties associated with the integrated luminosity measurement are some of the main
systematic uncertainties for many analyses, including H — 77, and are detailed in

Chapter 8.
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In ATLAS, integrated luminosity is measured in time segments referred to as “lumi
blocks.” Each lumi block is 60 s in duration and assumed to have the same average
luminosity. Various quality and consistency criteria are applied to lumi blocks, and
the total recorded integrated luminosity is determined by the sum of good lumi blocks.

The instantaneous luminosity for a storage ring collider, such as the LHC, is given
by

7 :U’nbfr7 (3.4)

Oinel

where 1 is the average number of inelastic collisions per bunch crossing, n;, is the
number of bunch pairs colliding per revolution, f, is the revolution frequency, and
Oinel 18 the proton-proton inelastic cross section. Because the ATLAS detector is not

perfectly efficient, the calculation must be recast in terms of visible quantities:

g — Hiso]r (3.5)

Ovis
where [iyis = e and 0yis = €0y, TEpresent quantities adjusted for detector and recon-
struction algorithm efficiency e.

[vis 18 an experimentally observable quantity that can be determined on a bunch-
by-bunch basis or by integrating over recorded data. On average, jiis > 1, precluding
the use of simple event-counting algorithms and necessitating the use of hit-counting
algorithms to measure a signal proportional to . In ATLAS, hit-counting is per-
formed by the Beam Conditions Monitor (BCM) and Luminosity Measurement Using
Cherenkov Integrating Detector (LUCID). The BCM uses four diamond sensors, ar-
ranged around the beam pipe at z = £184 cm, to measure incident particles. LUCID
uses sixteen aluminum tubes filled with C4F;o, arranged around the beam pipe at
z =417 m and covering 5.6 < || < 6.0, to measure generation of Cherenkov radia-
tion by particles using photomultipliers.

Calibration and determination of o is performed by dedicated van der Meer

scans only a few times over the course of collider operation. These scans use stepped
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separation of the proton beams to measure beam shape parameters >, and >, from
which the luminosity can be determined (and Equation 3.5 calibrated) using the

relation

nbfrn1n2
= —— 3.6
273,00, ’ (3.6)

where n; is the number of protons per bunch in beam 1.
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Chapter 4

Triggering and object reconstruction

A variety of physics objects are used in the H — 77 analyses, including electrons,
muons, jets, hadronically decaying 7 leptons, and EX*. The electrons and muons
generated by leptonically decaying 7 leptons are effectively indistinguishable from
so-called “prompt” electrons and muons, and thus the identification of 7; decays is
equivalent to identifying their associated leptonic decay products.

Although each analysis uses slightly different object selection criteria, the triggers
and reconstruction algorithms used to identify these objects are the same in all three
cases. Because triggers and reconstruction algorithms have different performance for
data and Monte Carlo, scale factors must be derived to correct for differing efficiencies.

This chapter summarizes the triggers and reconstruction algorithms used to iden-
tify events and physics objects of interest. The measurements of corresponding ef-
ficiencies and scale factors are also outlined. Finally, the computation of ERS is
detailed, along with a description of the object overlap removal procedure. A discus-
sion of the data preparation and track reconstruction algorithms underlying object
reconstruction can be found in Chapter 5. Event selections based on triggers and
reconstructed physics objects are discussed in Chapters 6 and 7, while uncertainties
associated with trigger and object reconstruction efficiencies are discussed in Chap-

ter 8.
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4.1 Electrons

Electrons play a key role in H — 77 analyses, particularly in those analysis channels
with leptons in their final state. Electrons are used for triggering and selection, and
as inputs to 77 invariant mass reconstruction. The triggering, reconstruction process,
identification criteria, and absolute energy calibration for electrons are documented
in [41] and [42]. Reconstruction efficiency measurements for 2011 operation are given

in [43] and for 2012 operation in [44].

4.1.1 Triggering

The L1 trigger computes the transverse energy of deposits in the electromagnetic
calorimeter in towers of cells, each with size 0.1 x 0.1 in 7 X ¢ space. Adjacent pairs
of towers that pass a particular Fp threshold are used to seed the L2 trigger, where
tracking information is added for further discrimination. Finally, the EF uses ap-
proximations of the offline reconstruction and identification algorithms described in
Section 4.1.2 with slightly looser selections to identify events for offline reconstruction.

The efficiency of electron triggers is measured using a “tag-and-probe” method
in Z — ee data. Tag-and-probe methods work by isolating an unbiased high-purity
sample of a particular type of event, typically by identifying a resonance such as a
Z boson or J/1) meson. Events in this sample contain a well-identified “tag” object,
such as an electron or muon, and a loosely identified “probe” object, which serves as
a test object. The efficiency for a given reconstruction process or selection can then
be determined by measuring the number of probe objects which are reconstructed or
pass the selection. Efficiencies with respect to offline reconstruction for the various
electron trigger levels as a function of electron Fr and n are shown in Figure 4.1 for

the combined electron trigger used in the 8 TeV H — 7,73, and Z; H — 7,75, analyses.
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Figure 4.1: L1, L2, and EF trigger efficiencies with respect to offline recon-

struction as a function of (a) electron Ep and (b) electron 7 measured using
Z — ee tag-and-probe methods with 4.1 fb=! of 8 TeV data for the combined
EF_e24vhi_mediuml || EF_e60_mediuml trigger [45].

4.1.2 Reconstruction

Electron reconstruction is based on deposits in the electromagnetic calorimeter paired
with tracks from the Inner Detector. In the forward regions of the detector (|n| > 2.5),
where tracking information is unavailable, the reconstruction algorithms are effec-
tively unable to distinguish between electrons and photons due to their similar de-
posits in the electromagnetic calorimeter.

Reconstruction itself is a three-step process. First, a cluster recognition algorithm
identifies clusters of energy deposits within the electromagnetic calorimeter that are
possibly due to an electron. Second, a track association algorithm attempts to pair
clusters with tracks from the Inner Detector. Finally, after an electromagnetic cluster
has been paired with a corresponding track, the cluster size and shape are reoptimized

taking into account the trajectory of the track.
4.1.2.1 Cluster recognition

The cluster recognition algorithm uses a sliding-window scan with a window size of

3 x 5 cells (3 cells across in the 1) direction, 5 across in ¢), each with size 0.025 x 0.0245
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in 7 X ¢ space. To qualify as a seed for reconstruction, the transverse energy of the

cluster must be greater than 2.5 GeV.
4.1.2.2 Track association

The track association algorithm works by extrapolating tracks with pr > 0.5 GeV
into the center layer of the electromagnetic calorimeter. Tracks are considered a
match if |An| < 0.05 and |A¢| < 0.05 between the track and the cluster barycenter,
except in the direction of curvature of the track, where the requirement is loosened
to |[A¢| < 0.1. In the case of multiple matching tracks, the one with the smallest
AR from the cluster barycenter is chosen. If no matching track is found, the clus-
ter is considered a photon candidate. Discrimination between prompt electrons and
converted photons is performed by checking for nearby tracks originating from a dis-
placed vertex and by examining the innermost hits of the associated track in the Inner

Detector.
4.1.2.3 Cluster size optimization

After clusters have been associated with a track, their sizes are optimized to take
into account differences in the expected energy distribution in different regions of the
detector. In the barrel region the cluster size is increased to 3 x 7 cells, while in
the end-cap region the cluster size is increased to 5 x 5 cells, each cell having size

0.025 x 0.0245 in n X ¢ space.

4.1.3 Energy calibration

The electron candidate energy is computed using its deposits in the electromagnetic
calorimeter. It is corrected by estimating energy loss in passive material before the
electromagnetic calorimeter (using the presampler) and to the sides of and behind

the electromagnetic calorimeter.
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Figure 4.2: Electron identification efficiencies as a function of (a) electron Er and
(b) the number of primary vertices measured using Z — ee tag-and-probe methods
with 20.3 fb™! of 8 TeV data and corresponding Monte Carlo samples [46].

The response of the electromagnetic calorimeter to electrons and photons is de-
rived in ATLAS using test-beam measurements. The final electron energy scale cali-

bration uses in situ techniques based on Z — ee and J/¢ — ee decays.

4.1.4 Identification and selection

Electron identification criteria are based on electromagnetic calorimeter and track
variables. Cuts on these variables are optimized based on cluster n and Er. Three
working points are defined in terms of these cut values: loose, medium, and tight.
Each of these working points adds new cuts and tightens previous ones, trading
identification efficiency for background rejection. The efficiency of these working
points is measured using Z — ee tag-and-probe methods. Identification efficiencies
as a function of electron Fr and the number of primary vertices are shown for each
working point in Figure 4.2.

In the VH analyses, electrons are required to pass the medium identification cri-
teria. This includes cuts on shower-shape variables, hadronic calorimeter leakage,

track and track-cluster matching, transverse impact parameter, and transition radi-
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ation identified by the TRT. In the H — 7;7, analysis, electrons are required to pass
tight identification, which tightens the cuts used in the medium identification, adds
additional criteria based on track quality and the ratio of cluster energy to track
momentum, and places a veto on photon conversions. After identification, additional
criteria are applied using calorimeter information to ensure purity of the reconstructed
electrons.

In the H — 77 analyses, electron selection is restricted to |n| < 2.47 to ensure cov-
erage by the Inner Detector. Electrons in the calorimeter crack region, 1.37 < |n| < 1.52,
are excluded from analysis due to poor identification performance, but are still used
in the overlap removal procedures described in Section 4.6. In the main analyses,
electrons are required to have pr > 15 GeV, a requirement that is relaxed in the VH
analyses to pr > 10 GeV. The VH analyses also place a threshold on the longitudinal
impact parameter, |z9] < 10 mm. In the H — 77, and VH analyses, two additional

isolation criteria are placed on electrons. The first is a track-based isolation:

. ZAR R p‘%ack
Iy () = =TT (4.1)

Here the sum is over all tracks within an 7-¢ cone of radius R; surrounding the electron
(excluding the electron track). It is required that I (0.4) < 0.06 for the H — 77,
analysis and 7 (0.4) < 0.2 for the VH analyses. The second isolation requirement is
calorimeter-based:

D AR<R, Bt

I, (Rp) = T (4.2)

Here the sum is over clusters of energy deposits in the electromagnetic and hadronic

calorimeters within a cone of radius R; surrounding the electron. It is required that

I (0.2) < 0.06 for the H — 77, analysis and If, (0.2) < 0.2 for the VH analyses.
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4.2 Muons

Like electrons, muons also play an important role in the H — 77 analyses with leptons
in the final state, where they are used for triggering, selection, and mass reconstruc-
tion. The complete reconstruction process, identification criteria, and efficiency mea-
surements for muons in the ATLAS detector are described in detail in [39] and [47].
Muons have a dedicated hardware-based triggering system and their momenta are
measured to high-precision by the Muon Spectrometer. Both systems are described
in Section 3.2.4. Different algorithms can subsequently be used to reconstruct a va-

riety of muon types.

4.2.1 Reconstruction

Reconstruction of muons is performed by a family of algorithms collectively referred
to as the “STACQO” algorithms. These algorithms use information from the Muon
Spectrometer, Inner Detector, and calorimeters. There are four types of reconstructed

muons in ATLAS:

e Stand-alone: Stand-alone muons are those identified solely by the Muon Spec-
trometer. These muons are required to have at least two hits in the muon track-
ing chambers to allow extrapolation to the beamline. They are primarily useful

in regions where tracking is not provided by the Inner Detector.

e Combined: Combined (CB) muons are those identified by both the Inner
Detector and the Muon Spectrometer. Tracks are reconstructed separately for
each subsystem and then matched and merged. This is the primary type of

reconstructed muon used within ATLAS.

e Segment-tagged: Segment-tagged (ST) muons are identified by extrapolating

a track from the Inner Detector to a hit in the Muon Spectrometer. This type
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of reconstruction is useful in cases where a muon crosses only one layer of the

Muon Spectrometer, either due to a low pr or a trajectory with little coverage.

e Calorimeter-tagged: Calorimeter-tagged (CaloTag) muons are those identi-
fied by extrapolating a track from the Inner Detector into a calorimeter energy
deposit consistent with a muon. These muons have low purity and are used

primarily in regions where coverage is not provided by the Muon Spectrometer.

4.2.2 Energy calibration

Although the Muon Spectrometer provides a highly accurate measurement of muon
momenta, additional corrections are needed to account for interaction with passive
material, multiple scattering, limited resolution or misalignment of the Muon Spec-
trometer, and uncertainties related to the magnetic field. Final calibration of muon
momenta is performed using in situ techniques based on Z — pp and J/v — up

decays.

4.2.3 Identification and selection

The efficiency of muon reconstruction is measured using Z — pp and J/¢ — pp tag-
and-probe methods and shown in Figure 4.3.

As with electron identification, loose, medium, and tight identification thresholds
are defined, with classification determined by the STACO algorithms based on the
number of hits and tagging segments in the Muon Spectrometer. In the H — 7,75, and
ZyH — 11y, analyses, loose combined muons are used. After identification, additional
criteria are applied on the Inner Detector track associated with the muon.

In the H — 77 analyses, muon selection is limited to |n| < 2.5 due to the use
of combined muons and their reliance on the Inner Detector. In the main analyses,

muons are required to have pr > 10 GeV, whereas for the VH analyses they are only
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Figure 4.3: Muon reconstruction efficiencies as a function of (a) muon pr and (b) muon
n measured using Z — up and J/v — pp tag-and-probe methods with 20.3 fb~! of
8 TeV data and corresponding Monte Carlo samples [47]. “Chain 1”7 indicates usage
of the STACO algorithms.

required to have pr > 6 GeV. The VH analyses also place a requirement on the longi-
tudinal impact parameter, |z9| < 10 mm. In the H — 7;7;, and VH analyses, the same
pr and Er isolation criteria that are applied to electrons are also applied to muons:
I¥ (0.4) < 0.06 and Iy, (0.2) < 0.06 for the H — 77, analysis, and I} (0.4) < 0.06
and Iy, (0.2) < 0.2 for the VH analyses.

4.3 Jets

Jets play an important role in the H — 77 analyses, both in identifying signatures of
production modes (such as VBF) and in seeding the reconstruction and identification
of hadronically decaying 7 leptons. The reconstruction and identification of jets are
documented in [48]. Jet reconstruction is a multi-step process and involves careful
calibration of calorimeter energy deposits in order to faithfully reconstruct jet energy.

The first step of jet reconstruction is the formation of three-dimensional topo-
logical clusters of calorimeter cells. The energy deposits in these clusters are then
calibrated using a local hadronic calibration scheme, which accounts for differences in

calorimeter response due to shower type and location in the detector. Finally, jets are
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reconstructed using calibrated clusters as input, and the final jet energy scale (JES)
calibration is performed. After jet reconstruction is complete, a b-tagging procedure
is applied; this is used in the H — 77 analyses to help identify those jets originating

from top quark processes.

4.3.1 Clustering and local hadronic calibration

The input objects to the jet reconstruction algorithms are three-dimensional topo-
logical clusters of calorimeter cells referred to as “topo-clusters” [49]. The clustering
algorithm used to generate these clusters is designed to capture the low-energy tails
of particle showers in the calorimeter while suppressing noise from electronics and
pile-up. The formation of clusters begins with the identification of seed cells, which
are cells that have a signal-to-noise ratio, ¢, above a large threshold, t,..q = 4. Each
seed cell is used as the start of a cluster, with immediately adjacent cells added to
the cluster if they have a signal-to-noise ratio above a low threshold, t.; = 0. If
any of these adjacent cells have a signal-to-noise ratio above a medium threshold,
tneighbor = 2, they are used as secondary seeds to continue expansion of the cluster.
Once clusters are identified, a second algorithm searches for local energy deposit max-
ima in cells of the cluster. If more than one such maximum is found, the cluster is
split by reforming separate clusters using the maxima as seeds.

After topo-clusters have been identified, their energies are recalibrated using a
local hadronic calibration scheme [50]. This recalibration is necessary because the
calorimeter response for hadronic energy deposits, mostly due to charged pions and
neutrons, is different than the response for electromagnetic deposits, mostly due to
electrons and photons. Additional corrections must be made for hadronic energy
deposits not captured in topo-clusters and for the varying amounts of passive material
in front of the calorimeter in different regions of the detector.

The appropriate corrections for a given topo-cluster are determined by classifying
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Figure 4.4: Ratio of reconstructed to simulated pion energy at subsequent stages of
the local hadronic calibration procedure for 100 4+ 30 GeV pions in different 7 regions.
Stages shown include without any corrections (red), with hadronic scale calibrations
added (blue), with out-of-cluster corrections added (green), and finally with passive
material corrections added (black) [50].

the cluster as either hadronic or electromagnetic by means of cluster shape variables.

These variables include various energy-weighted cluster moments,

1
<£L‘> = 7= Z Ecell * Leells (43)

E. cluster
cells

where x is an observable such as 7, ¢, or distance from shower axis and center,
as well as variables related to cluster isolation and the fraction of energy deposited
in the electromagnetic calorimeter and the most active cell(s) of the cluster. The
corresponding correction factors are determined from simulations of charged pions
using Geant4 [51]|. Performance of the calibration scheme at various stages is shown

in Figure 4.4.

4.3.2 Reconstruction

After topo-cluster identification and calibration, jets in ATLAS are reconstructed
using the anti-k; algorithm [52|. The anti-k; algorithm is a type of sequential recom-
bination algorithm. A sequential recombination algorithm iterates over objects in a
detector (e.g. particle tracks or calorimeter energy deposits) and either merges these

objects or halts once some criteria have been met.
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(b) anti-k;

Figure 4.5: Comparison of k; and anti-k; clustering algorithms with size parameter
R =1 [52].

One important aspect of sequential recombination algorithms is whether or not
they produce stable results (i.e. the same resulting jet objects) in the face of collinear
splittings (collinear safety) or soft gluon emissions (infrared safety). Unlike other
sequential recombination algorithms, such as kp [53] or Cambridge-Aachen [54], the
anti-k; algorithm offers both collinear and infrared safety. It also produces more
conical jets than other algorithms, as shown in Figure 4.5.

The anti-k; algorithm takes a single parameter, R, which determines the size of
reconstructed jets. For the H — 77 analyses, R = 0.4 is used. The algorithm defines

an inter-object metric:

1 1\ AR
vropy ) B
as well as a single-object metric relative to the beam:
1
dip = —. (4.5)
Dbr

At each iteration of the algorithm, d;; is computed for all pairs of objects, ¢ and j, and
d;p is computed for each object. If the smallest of these values belongs to two objects,
they are merged into a single object, while if these smallest of these values belongs to
a single object, it is classified as a jet and removed from the list of objects considered

by the algorithm. The algorithm stops when all objects have been classified as jets.
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4.3.3 Energy calibration

After reconstruction, jets are subjected to further energy corrections. There are four
primary steps: pile-up subtraction, an origin correction, simulation-derived energy
corrections, and, in the case of calorimeter jets in data, an in situ calibration is

applied based on momentum balance with some reference object.
4.3.3.1 Pile-up subtraction

Pile-up subtraction removes additional energy deposits due to additional proton-
proton collisions in the same or nearby bunch crossings. This correction is computed

using Monte Carlo simulations, and is parameterized in terms of
e The number of primary vertices in the event (a measure of in-time pile-up);

e The expected number of interactions per bunch crossing (a measure of out-of-

time pile-up);

® Tljets and

jet

[ ] T -

4.3.3.2 Origin correction

The origin correction modifies the jet so that it points to the primary vertex from
which it originates rather than the nominal interaction point. However, this only

affects the direction of the jet, not the energy.
4.3.3.3 Simulation-derived energy correction

The first part of the correction to the jet energy is based on Monte Carlo simulation
of calorimeter response in events that include the effects of pile-up. It is derived as
a function of nj and jet energy at the local hadronic calibration energy scale. The

simulated calorimeter response used to derive these corrections is shown in Figure 4.6.
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Figure 4.6: The simulated average calorimeter response for jets at various energies
calibrated using the local hadronic calibration scheme for 7 TeV samples [48].

4.3.3.4 In situ calibration

The second part of the correction to the jet energy is performed using in situ tech-
niques based on the py balance between a jet and a well-measured reference object
(a photon or Z boson). For forward jets, the correction is derived using the pr bal-
ance between two jets, one of which is a well-measured jet in the central part of the
detector. The ratio of the average response in data to the average response in MC

derived using these methods is shown in Figure 4.7.

4.3.4 Identification and selection

Fake jets may originate from a variety of sources, including protons colliding with
gas in the beam pipe, scattering events from farther down the beam pipe, cosmic ray
muons, and calorimeter noise. To reject fake jets from these backgrounds, identifica-
tion criteria based on energy reconstruction quality, energy deposits in the direction
of the shower, and reconstructed tracks are applied. From these criteria, four work-
ing points are defined: looser, loose, medium, and tight. The looser jet identification

working point is used in the H — 77 analyses. The efficiencies of these working
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points are measured using tag-and-probe studies and are shown for two jet n regions
in Figure 4.8.

In the H — 77 analyses, only jets with |n| < 4.5 are used. The VH analyses
additionally require pjﬁt > 30 GeV. All H — 77 analyses place a cut on the jet vertex

fraction (JVF), defined by
track
JVF = % (4.6)
TAV PT

where TPV is the set of tracks associated with the jet originating from the primary
vertex and TAV is the set of tracks associated with the jet originating from any vertex.
Placing a lower bound on the JVF helps to reduce the effects of pile-up. For 7 TeV
samples, jets with |n| < 2.4 are required to have |JVF| > 0.75. For 8 TeV samples,

jets with |n| < 2.4 and pr < 50 GeV are required to have |[JVF| > 0.5.

4.3.5 b-tagging

In order to reduce background processes due to top quarks (which decay almost
exclusively to W), a b-tagging technique is used to identify jets originating from

b-quarks. The complete ATLAS b-tagging procedure is described in [55].
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Figure 4.8: Jet identification efficiencies as a function of jet pr for various 7 re-

gions [48].

There are three algorithms, each utilizing different techniques, used for b-tagging

in ATLAS:

e IP3D: Uses information on the impact parameter of the tracks in the jet;

e SV1: Attempts to reconstruct displaced secondary decay vertices characteristic

of b-quark decays; and

o JetFitter: Uses information on the topology of weak b-quark decays.

These three algorithms are combined, using a neural network, to form a single dis-

criminant known as the “MV1 score.” Because these algorithms require tracking in-

formation, b-tagging is only possible for jets in |n| < 2.5, where coverage is provided

by the Inner Detector.

In the main analyses, a working point is chosen for which the b-tagging algorithms

are 70% efficient on average for jets with pr > 15 GeV in simulated ¢t events. The

b-tagging efficiency as a function of pjﬁt at this working point is shown in Figure 4.9.
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Figure 4.9: b-tagging efficiency in data compared with that in Monte Carlo for
20.3 fb~1 of 8 TeV data at the 70% efficiency working point [56].

The probability of misidentifying a jet originating from a light quark as originating
from a b-quark has been shown to be 0.1-0.5%, depending on the pr and 7 of the

jet [57], as shown in Figure 4.10.

4.4 Hadronically decaying 7 leptons

Hadronically decaying 7 leptons are perhaps the most important physics objects under
consideration in the H — 77 analyses. Hadronic 7 decays encompass ~ 65% of all
7 lepton decays. These hadronic decays are characterized by the presence of one
charged pion ~ 72% of the time, three charged pions ~ 22% of the time, and charged
kaons in the remainder of cases. Neutral pions may also be present. Because such
a large fraction of 75, decays are characterized by one or three charged tracks, the
H — 77 analyses focus exclusively on “one-prong” and “three-prong” 7, decays.

For most of the H — 77 analyses, hadronic 7 objects are used for triggering, event
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selection, or both. This includes H — 1,7, H — 7y, ZyH — ™71H, ZyH — T1TH,
Wi, H — 1,1, and Wi, H — 7y7,. Hadronic 7 triggering, reconstruction, and energy

calibration for the ATLAS detector in Run I are described fully in [58].

4.4.1 Triggering

The hadronic 7 trigger plays an important role in all analyses with a 75, signature
in the final state. A variety of hadronic 7 triggers were developed for Run I data
taking, including 75, + EX triggers, double 7, triggers, and combined 75, + light
lepton triggers.

The L1 trigger identifies 7, candidates as 2 x 2 clusters of trigger towers, where
each tower has size 0.1 x 0.1 in 1 X ¢ space and extends across both the electro-
magnetic and hadronic calorimeters. An additional isolation region is defined as the
towers between this core region and a larger 4 x 4 window. The E7 of the core region
must be above a given threshold and the Er of the isolation region must be less than
4 GeV for an event to continue to the L2 trigger.

The L2 trigger is seeded with 7;, candidates by the L1 trigger. In addition to

calorimeter information, tracking information from the pixel and SCT detectors is
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used to further refine selections. To suppress the effects of pile-up in the L2 trig-
ger, where vertex reconstruction is not available, only tracks with |Azy| < 2 mm
and AR < 0.1 with respect to the highest-py track inside the 75, Rol are consid-
ered. Further criteria were chosen to reject multijet backgrounds based on combined
tracking and calorimeter variables. These variables were carefully chosen to perform
consistently across the varying pile-up conditions experienced in 8 TeV data taking.
Variables that relied heavily on the electromagnetic calorimeter, such as those used
in 7 TeV data taking, showed poor stability with respect to the number of primary
vertices, as illustrated in Figure 4.11. A study was performed to identify variables
that provided strong discrimination in addition to robustness against pile-up. These

variables include:

e fL2: The ratio of the scalar sum of the py of tracks within the isolation region
around the 75, candidate, 0.1 < AR < 0.3, to that of tracks in the core region,

AR < 0.1;

L2 .

cent: The ratio of Ep in a cone of radius R = 0.1 around the 7, candidate to

that in a cone of radius R = 0.4;

L2 .
track*

The ratio of the pr of the leading track in a cone of radius R = 0.3
around the 73, candidate to the total E7 in a cone of the same size around the

7, candidate; and

e R2 . : The pr-weighted AR of 73, candidate tracks in a cone of radius R = 0.3

track*

around the 73, candidate.

The EF implementation for the 75, trigger is largely identical to the offline recon-
struction and identification procedures described in Sections 4.4.2 and 4.4.4. The EF
does not have full access to vertex reconstruction, and thus a technique similar to
the L2 |Az| cut is used, along with a cut on |Adp|. In addition, a different set of

variables is used for the boosted decision tree discriminant.
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Figure 4.11: The efficiencies of 2011 L2 trigger selections for simulated 8 TeV Z — 77
events as a function of the number of primary vertices. Significant performance
degradation was observed for variables based on the electromagnetic calorimeter due
to increased pile-up.

The efficiency of the 7, trigger is measured using tag-and-probe methods in Z — 77
samples, with additional background modeling and subtraction necessary due to the
intrinsic impurity of the Z — 77 sample. Efficiencies for all three levels with respect

to offline identification as a function of p7* and the number of primary vertices in the

event are shown in Figure 4.12.

4.4.2 Reconstruction

Offline 75, reconstruction is seeded by all jets reconstructed with the anti-k; algo-
rithm with a distance parameter R = 0.4. Two additional requirements are applied:
Tet > 10 GeV and |njet| < 2.5, the latter of which is necessary to ensure tracking cov-
erage. Once 75, seeds have been identified, reconstruction proceeds in three steps:

T vertex association, determination of 75, four-momentum, and track association.
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4.4.2.1 7 vertex association

The 7 decay vertex, which may be displaced from the primary vertex in the event,
must be identified in order to reduce the effects of pile-up and correctly compute
reconstruction quantities. All reconstructed vertices in the event are considered can-
didates for the 7 vertex. For each vertex, a cone of radius R = 0.2 is constructed from
the vertex in the direction of the 7, candidate. For each vertex cone, the ratio of the
scalar pr sum of tracks within the cone associated with the corresponding vertex to
that of tracks within the cone associated to any vertex is computed. The vertex with
the largest such ratio is chosen as the 7 vertex. Only tracks with pr > 1 GeV are

considered.
4.4.2.2 Determination of 7;, four-momentum

After the 7 vertex has been identified, the four-momentum of the 7, candidate is
then determined by recalculating the n and ¢ directions of the jet barycenter in the
7 vertex coordinate system. The four-momentum of clusters within AR < 0.2 of the
recomputed barycenter are then summed to compute the four-momentum of the 7,

candidate. At this stage, the topo-clusters constituting the jet and the resultant 7,
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candidate four-momentum are calibrated using only local hadronic calibration.
4.4.2.3 Track association

Tracks are associated with the 7, candidate if they are within AR < 0.2 of the 7,

candidate direction and satisfy the following criteria:

pr > 1 GeV;

Two hits in the pixel layer;

Seven hits in the pixel and SCT layers combined;

|Adp| < 1.0 mm with respect to the 7 vertex; and

|Azpsin(f)| < 1.5 mm with respect to the 7 vertex.

4.4.3 Energy calibration

Additional offline corrections are applied to adjust the reconstructed 7, candidate
energy from local hadronic calibration scale to the final 7, energy scale. These cor-
rections are derived from W — 7v and Z — 77 Monte Carlo simulation. The effects
of these corrections are shown in Figure 4.13. A small additional correction is also
made for 7, candidates in the transition region between the barrel and end-cap elec-
tromagnetic calorimeters, along with an n-dependent pile-up subtraction for all 7,

candidates.

4.4.4 Identification and selection

The 7, reconstruction algorithms do little to reject multijet backgrounds. Conse-
quently, a boosted decision tree (BDT) is used to discriminate between 7, objects
and normal jets. The operation of BDTs is described in full in Section 6.5.4. There

are separate BDTs trained for one-prong and three-prong 75, candidates. The list of
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calculated using simulated samples [58].

variables used in these BDTs, as well as those at EF, is given in Table 4.1. They

include:

feent: The ratio of E7 in a cone of radius R = 0.1 around the 7, candidate to

that in a cone of radius R = 0.2;

® fiac: The ratio of the pr of the leading track in a cone of radius R = 0.2
around the 7, candidate to the total E7 in a cone of the same size around the

7, candidate;

.RLQ .

track*

The ppr-weighted AR of 75, candidate tracks in a cone of radius R = 0.4

around the 75, candidate;

® Siead track: Lhe transverse impact parameter of the leading track in a cone of

radius R = 0.2 around the 7, direction divided by its corresponding uncertainty;

e N : The number of tracks in the isolation region around the 7;, candidate,
0.2 < AR < 0.4;

o AR,.x: The maximum distance between a track in the core region around the

7, candidate, AR < 0.2, and the 7, direction;
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Variable Event Filter Offline
l-prong 3-prong 1-prong 3-prong

f cent L ° ° L
f track b L 4 L4
RZ, e e e e
Slead track L4 L4
N tilfgck d d
A]%maux o i
SrfIl‘ight ° °
Mtrack ° L
M0 4track e b
N. 70 [ [ J
p§0+traCk/ET ° °

Table 4.1: Boosted decision tree input variables for the Event Filter and the offline
hadronic 7 identification algorithms for 1-prong and 3-prong 73, candidates [58]. Def-
initions are given in Section 4.4.4.

° Sgight: The displacement in the transverse plane of the secondary decay vertex,

divided by its uncertainty;

® Miack: The invariant mass of the four-momenta of all tracks within a cone of

radius R = 0.4 around the 75, direction;

® M 0 iack: Lhe invariant mass of tracks and neutral pions within a cone of radius

R = 0.2 around the 7, direction;

e N_o: The number of neutral pions reconstructed within a cone of radius R = 0.2

around the 7, direction; and

° p§0+”a‘:k /E7: The ratio of pr estimated using track and 7% information to the

calorimeter E7r measurement.
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Figure 4.14: The efficiency for each offline 7, reconstruction working point as a func-
tion of the number of primary vertices in events measured using Z — 77 tag-and-
probe methods with 20.3 fb~! of 8 TeV data [58].

Three working points are defined based on the resultant BDT score: loose, medium,
and tight. The efficiency for each working point, measured in Z — 77 tag-and-probe
studies, can be seen in Figure 4.14. Additional BDTs are also implemented to reject
misidentified electrons and muons. In the H — 77 analyses, medium 73, objects are
used. It is required that they have pr > 20 GeV and |n| < 2.47. In the VH analyses,

the requirement is relaxed to |n| < 2.5 for three-prong taus.

4.5 E7"° reconstruction

The presence of EX5 in H — 77 final states is expected due to the presence of one
or more neutrinos per 7 decay. The calculation of E¥* in ATLAS is described in full
in [59].

EXss reconstruction is performed by summing the E7 of calorimeter cells, cali-
brated according to the reconstructed objects with which they are associated. The

precedence for cell association is:
1. Electrons

2. Photons
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3. Hadronically decaying 7 leptons
4. Jets
5. Muons

Cells which are not associated to any object are also considered, and their contribution
is referred to as “CellOut.” The formula for E is then given by
= Y Epe (17)
o€objects
where objects include electrons, photons, hadronically decaying 7 leptons, jets, muon
calorimeter deposits, and CellOut cells. This summation is performed over the range

In| < 4.5. The vector sum of the muon transverse momenta is also added to this sum.

4.6 Overlap removal

In some cases, multiple objects may be reconstructed and identified using the afore-
mentioned techniques while corresponding to the same physical object in the detector.
If this happens, an “overlap removal” scheme is used to select objects based on the
relative likelihood of their corresponding reconstruction and identification being cor-
rect. Objects are treated as overlapping if they lie within AR < 0.2 of one another.
Once one of the overlapping objects is selected for use in the analysis, the remaining
overlapping objects are discarded. In the H — 77 analyses, objects are selected with

the following precedence:
1. Muons
2. Electrons
3. Hadronically decaying 7 leptons

4. Jets
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Several looser object requirements are used to achieve a more stringent overlap
removal. In the H — 7,75, analysis, electrons are only required to pass the loose iden-
tification threshold to count toward overlap removal (the requirement for electrons
in the calorimeter crack region remains at the medium threshold due to poor elec-
tron identification in this region). Additionally, muons are only required to have
pr > 2 GeV in order to veto 7, objects. In the VH analyses, muons are required to

have pr > 4 GeV to count toward overlap removal of any object.
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Chapter 5

Computing techniques

Several factors motivated the study and implementation of advanced computing tech-
niques to facilitate a more optimized and efficient data recording and analysis pipeline.

Firstly, the demanding operating conditions of the ATLAS trigger system place
considerable constraints on the execution time of the HLT software. To mitigate this
issue, a feasibility study was performed to assess the potential of Graphics Processing
Units (GPUs) to accelerate data preparation algorithms in the ATLAS HLT. This
research was done in the context of a larger study aimed at accelerating the entire
HLT data preparation and tracking pipeline using GPUs shared between multiple
HLT processes.

Secondly, the large data volume and complex analysis requirements of the H — 77
analyses motivated studies into the optimization of analysis quantity computation. To
increase the performance of the analysis code, a framework was developed to evaluate
expressions on data and Monte Carlo samples using a just-in-time (JIT) compiler.

This chapter provides a summary of these studies. In particular, the theoretical

motivation, implementation, and results are discussed for each.
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Level Type Input rate Output rate Execution time

1 Hardware 20 MHz 70 kHz 2.5 us
2 Software 70 kHz 6.5 kHz 90 ms
Event Filter Software 6.5 kHz 600 Hz 1s

Table 5.1: Peak trigger processing rates and execution times for ATLAS Run I.

5.1 Optimization of HLT data preparation with graph-
ics processing units

The ATLAS trigger system is one of the most computationally demanding steps in
the entire analysis pipeline. The peak trigger processing rates and corresponding
execution times for ATLAS Run I are summarized in Table 5.1.

The execution time for trigger algorithms is highly constrained by these condi-
tions. While parallelism and round-robin load-balancing in the trigger server farm do
allow for an execution time longer than the event period, limitations on cooling in
the ATLAS cavern combined with budgetary constraints make unlimited horizontal
scaling neither technologically nor economically viable.

The fractions of time spent in various trigger processing steps are given in Ta-
ble 5.2. Data preparation and tracking are, at present, two of the most time consum-
ing steps in the entire trigger processing chain. Consequently, these algorithms are
ideal candidates for optimization.

Although the current trigger implementation is sufficient, future operating condi-

tions will require significantly enhanced performance and throughput. A comparison

Processing Step Level 2 Event Filter
time fraction time fraction
Data preparation and tracking 73% 52%
Calorimeter 17% 24%
Muon ™% 16%
Other 3% 8%

Table 5.2: Processing time distributions for various HLT steps in ATLAS Run L.
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Year or Machine Peak instantaneous luminosity

2010 2.1 x 10%? ecm—2s7!
2011 3.65 x 10%3 cm 257!
2012 7.73 x 103 ecm 257!
2015 103 em 257!
High Luminosity LHC 103 cm =257t

Table 5.3: Past and projected LHC peak instantaneous luminosities.

of past and projected LHC instantaneous beam luminosities is given in Table 5.3. As
instantaneous luminosity increases, the collision rate and occupancy of hits within
Inner Detector modules will increase proportionally. This increase will lead to unac-
ceptable performance of the existing trigger algorithms, many of which exhibit O(n?)
behavior or worse.

In this section, a feasibility study is presented on the usage of GPUs to acceler-
ate trigger data preparation and tracking algorithms. An overview of the existing
algorithms is given, along with a brief discussion on general purpose computing on
GPUs. The resultant GPU-ported algorithms and performance are presented, along

with discussion of integration complexities and considerations.

5.1.1 Data preparation

The Level 2 and Event Filter triggers utilize tracking data from the Pixel Detector
and SCT in their reconstruction algorithms. This data must be acquired, decoded,
and processed into a form suitable for tracking algorithms to use. This process is
referred to as “data preparation,” and is the first step performed in HLT processing.

Data preparation technically begins in the Level 1 trigger, where solid-angle Re-
gions of Interest (Rols) are identified by the Level 1 trigger using calorimeter and
muon detector data. After the Rols are verified by the Level 2 trigger, the data for
an event’s Rols are copied over a network connection from a set of transient storage
locations known as Readout Buffers (ROBs). The ROBs transmit data in fragments

of a highly compressed bytestream format, which must first be decoded into “hits”
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Module 1 Header
Module 1 Hit 1

Module 1 Hit M,
Module 1 Trailer

Module N Header
Module N Hit 1

Module N Hit My
Module N Trailer

Figure 5.1: Bytestream format for a single ROB fragment [60].

representing particle transits through the pixel and SCT modules. These particle
transits in pixel and SCT modules typically activate multiple adjacent silicon cells.
Consequently, adjacent cell activations must be clustered to identify actual particle

transits.
5.1.1.1 Bytestream decoding

The first step in data preparation, bytestream decoding, involves the transformation
of the compact transport representation of pixel and SCT data into data structures
suitable for clustering. An outline of the bytestream format is given in Figure 5.1.
The bytestream consists of a series of words, which are 16-bit in the case of the
SCT detector and 32-bit in the case of the Pixel Detector. The words fall into three
categories: headers, hits, and trailers. Headers encode module identifiers, hits encode
activated silicon cells within the modules, and trailers serve as delimiters to separate
module data.

The existing decoding algorithm is given in Algorithm 1. The algorithm is entirely
serial, although it does present immediate potential for parallelization at the Rol and
ROB fragment levels. Further parallelization at the word level is complicated by a
parsing state that is mutated during iteration. The algorithm exhibits O(n) behavior,

where n is the number of input bytestream words.
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Input: Bytestream data by Rol
Output: Collections of hits organized by module
foreach Rol r in input do
foreach ROBFragment f in r do
InitializeROBFragmentParsingState();
foreach Word w in f do
type = GetWordType(w);
if type == header then
// Mutates ROB fragment parsing state to set hit container
MarkModuleBegin(w);
end
else if type == hit then
// Mutates hit container

RecordModuleHit(w);
end
else if type == trailer then

// Mutates ROB fragment parsing state to unset hit container
MarkModuleEnd(w);
end

end

end

end

Algorithm 1: Pixel and SCT bytestream decoding algorithm.

5.1.1.2 Clustering

Once module hits have been identified, they must be combined into clusters represent-
ing particle transits in the modules. This is trivial in the case of the SCT modules,
where silicon cells are arranged one-dimensionally and adjacency can be determined
by a simple loop. The pixel modules present a more complex scenario, requiring a
nested loop over hits and existing clusters.

The existing clustering algorithm for pixel modules is given in Algorithm 2. The
algorithm is entirely serial, and does not lend itself to trivial parallelization. The
clustering algorithms exhibit O(n?) behavior for the pixel detector and O(n) behavior
for the SCT detector, where n is the number of activated silicon cells in the detector’s
modules.

After clustering is complete, the resultant clusters are translated and rotated
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Input: Collections of hits organized by module
Output: Collections of clusters

foreach Module m in input do

clusters = |[;

foreach Hit h in m do

cluster = none;

foreach Cluster ¢ in clusters do

foreach Hit e in ¢ do
if Adjacent(h, e) then
if cluster != none then
| Merge(cluster, c);
end
else
c.add(h);
cluster = c;
end
end
end
end
if cluster == none then

new_cluster = |hl;
clusters.add(new _cluster);

end

end

foreach Cluster ¢ in clusters do
‘ ComputeCenter(c);

end

end

Algorithm 2: Pixel module hit clustering algorithm.

to match the module’s position and orientation within the detector. This process

generates “spacepoints” that can be used for track reconstruction.

5.1.2 Tracking

The spacepoints identified by the data preparation algorithms are used by the trigger
tracking algorithms to reconstruct particle tracks in the Inner Detector. There are
two algorithms used by the ATLAS trigger for tracking: IDScan and SiTrack [61]. For

the purposes of this study, the SiTrack algorithm was chosen due to its combinatoric
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Figure 5.2: SiTrack track seed formation and extension procedures [33].

approach to track formation and more immediate potential for parallelization.
5.1.2.1 Track seed formation and extension

The first step in the tracking process consists of seed formation and extension. Track
seeds are formed by combinatorially generating pairs of spacepoints from the inner
layers of the Inner Detector. A cut is placed on the transverse impact parameter of
the straight line joining a seed’s two spacepoints; this reduces the number of seeds
to be processed, but places a limit on the lowest reconstructable track pr [33]. This
process is illustrated in Figure 5.2a.

After track seeds have been generated, they are extended into the outer layers
of the Inner Detector to form triplets of spacepoints. This process is illustrated in

Figure 5.2b.
5.1.2.2 Track merging and clone removal

In order to form the final particle tracks used in the trigger, spacepoint triplets with
the same trajectories are merged to form track candidates. It is often the case that the

resultant track candidates will share the same outer layer spacepoints but different
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seed layer spacepoints. Such groups of tracks are referred to as “clones.” In order to
remove clones, a de-duplication algorithm iterates over track candidates and merges

clone tracks into a single final track, removing the additional clone tracks.

5.1.3 General purpose computing on graphics processing units

General purpose computing on graphics processing units (GPGPU computing) is a
relatively modern technique, allowing programs to leverage the hundreds or thousands
of cores present on modern GPUs to perform Single Instruction Multiple Thread
(SIMT) computations in a massively parallel fashion.

Modern GPGPU computing is facilitated by software development kits (SDKs)
such as CUDA and OpenCL. While the precise implementation details differ, the
architecture of GPGPU computing remains largely isomorphic across SDKs. Com-
putation functions, called “kernels,” are written in a restricted C or C+-+ dialect and
compiled for the architecture of the target computing device. Data to be processed
are then copied from host memory (RAM associated with the CPU) to device mem-
ory (memory associated with the GPU). Kernels are then run in parallel on hundreds
or thousands of threads, all efficiently managed by dedicated thread hardware on the
GPU. These threads are organized into multidimensional abstractions called “blocks,”
where each thread (and its associated kernel) can access information about its po-
sition within the block structure. Thread position information can be used to map
an instance of the kernel onto corresponding data from the input array(s). Multiple
kernels may be executed to sequentially transform data, without the data ever leaving
GPU memory. When kernel execution is complete, the resultant data is copied back
to host memory.

Despite the simplicity of the programming model, a large number of complications
arise due to the specialized nature of GPU architectures.

Firstly, GPU memory is organized into a complex hierarchy of constant, global,
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block-local, and thread-local memory, each with different access performance, paradigms,
and penalties. For memory access to be efficient, complex and often device-dependent
restrictions are placed on read and write sizes, address boundaries, and the order of
the requesting threads. While newer architectures reduce the requirements for so-
called “coalesced” memory access, the desire to support a heterogeneous array of
device types and architectures makes this perhaps the most difficult problem with
GPGPU computing.

Secondly, unlike a CPU, where separate threads of execution can execute dif-
ferent instructions in parallel on different cores, GPU thread hardware requires all
threads to execute the same instruction. If branching occurs, execution is serialized,
with threads paused and executed sequentially until their instructions realign. This
presents a problem for code with significant branching logic (e.g. if/else statements,
for/while loops, etc). As such, one must be careful to minimize branching in code
ported from the CPU.

Thirdly, the restrictions placed on the dialect of C or C++ used to program kernels
often include a lack of scalar types, a standard library, or support for dynamic memory
allocation, adding further complication to the porting of CPU-oriented code.

Finally, performance optimizations are typically device or architecture specific,
and require intimate knowledge of the underlying computing hardware. While com-
pilers for GPGPU programming are becoming increasingly intelligent, the “close to
the metal” approach required for efficient GPGPU performance is often a limiting

factor for code maintainability.

5.1.4 GPU-accelerated algorithms

For the purposes of this study, the NVIDIA CUDA platform was chosen due to its
performance, features, support, hardware availability, as well as its previous use in

ATLAS [62, 63]. A subsequent study was performed using OpenCL to test a more
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heterogeneous array of hardware, the results of which are also presented. Both imple-
mentations employ the same underlying parallel algorithms, with small modifications

made for the particular language dialect.
5.1.4.1 Bytestream decoding

The GPU-ported version of the bytestream decoding algorithm is largely based on
the original CPU version. On the GPU, however, different bytestream fragments
are mapped to distinct thread blocks, and the processing of each word within the
bytestream fragment is mapped to a separate thread, allowing for simultaneous de-
coding of all words within the fragment.

The positional context dependence of words within a bytestream fragment is miti-
gated through the use of fast, block-local shared memory, in which threads can rapidly
scan neighboring words to determine their associated module.

A persistent global output buffer is created to store the decoded hits so that they
may be used by the subsequent clustering routine. Atomic incrementation routines
are used to ensure coordinated access to this array by threads.

In practice, limitations on thread block size require threads to be re-used across
multiple words. This places the complexity of the parallelized algorithm at O(Z),
where n is the number of activated silicon cells in the detector’s modules and m is the
number of threads available on the GPU. With advancements in hardware allowing

for larger numbers of threads, this should place the algorithm closer to constant-time

performance.
5.1.4.2 Clustering

The GPU version of the clustering algorithm is not a port of the CPU version. Instead,
it is based on a cellular automaton originally designed to cluster energy deposits in

the LHCD calorimeter [64].
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Figure 5.3: Evolution of cellular automaton clustering for a two-dimensional pixel
array [65].

The algorithm operates on the output of the bytestream decoding algorithm, copy-
ing hits from the global array to block-local memory. The cellular automaton then
tags all initial hits with a unique identifier (in this case an integer corresponding to
the thread index). At each evolutionary step, the tag of a hit in the automaton is
set to the largest tag of any adjacent hit (which is rapidly computable due to all hits
of a given module being in block-local memory). Clustering is complete when the
automaton stops evolving, at which point clusters can be easily extracted by a trivial

iteration over the tagged hits. An illustration of the process is given in Figure 5.3.
5.1.4.3 Track seed formation and extension

The GPU track seed formation and extension algorithms operate in a fashion similar
to their CPU counterparts. The primary difference is that 16 x 16 or 32 x 32 thread
blocks are used to efficiently evaluate the Cartesian product of spacepoints from
different layers of the detector. Intermediate global arrays are used to store the
intermediate track seeds and the track triplets. A one-dimensional thread block is
then used to merge triplets to create track candidates. The algorithms are illustrated

in Figure 5.4.
5.1.4.4 Track merging and clone removal

The GPU version of track merging and clone removal is made difficult by the large

Nx(N-1)

number of track pairs, 5

, which typically do not fit into the faster memory

locations on the GPU. Consequently, the algorithm divides the process into two steps.
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Figure 5.4: Graphical representation of GPU track candidate formation [65].

First, tracks with the same extension spacepoints but different seeds are identified
and merged. Second, duplicate tracks are removed. The approach is one of brute
force, with each thread iterating through a range of input tracks. This iteration is
performed on global memory, which is very slow. Nevertheless, the algorithm shows

performance gains over the CPU due to the large number of candidate tracks.

5.1.5 Porting complexities and considerations

A number of complexities arose in the process of porting trigger algorithms to the
GPU, due to both the intrinsic nature of GPGPU programming, as well as factors in
the original CPU code development.

The primary roadblock to GPU porting was the state of the existing CPU imple-
mentation. The existing code was inherently serial, with a complex “spaghetti-code”
structure and minimal documentation and/or comments. In addition, a complex

C+-+ class hierarchy prevented a more direct port of the existing code. The solution
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to these problems came in the form of dedicated manpower and reverse engineering.
Approximately one year of full-time development work, divided amongst multiple
GPU-experienced developers, was required to port these four algorithms.

Another complication arose due to the limited on-device memory available to the
GPU. While the process of hit word decoding and cluster-to-spacepoint conversions
are computationally trivial, they do require access to a hardware map of the detector.
This map encodes information about the silicon cell layout within modules, as well
as the position and orientation of modules within the detector. Within the ATLAS
trigger software framework, this hardware map occupies several gigabytes of memory
— far too much to store directly on the GPU. The map also uses several custom
C++ data structures to encode module information and facilitate module lookups.
To solve this problem, a slimmed version of the hardware map was developed, using
only those C++ features available to CUDA. To facilitate efficient lookup of modules,
a perfect hash function was generated to efficiently map module identifiers to their

corresponding location in memory.

5.1.6 Integration with trigger software framework

Beyond the complexities involved with porting the CPU code, several complications
arose with the integration of the GPU-ported trigger algorithms and the existing
trigger software framework. First, the trigger software framework uses a custom build
system, making it difficult to integrate the CUDA compiler and runtime libraries.
Second, multiple trigger instances are typically run on each node in the trigger server
farm, which necessitated a GPU resource sharing paradigm.

The solution to both of these problems was the development of a specialized
client-server architecture allowing for Remote Procedure Call (RPC) invocation of
GPU kernels. An illustration of this architecture is given in Figure 5.5. In this

architecture, RPC communication is performed using shared memory as a transport.
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Figure 5.5: Client server architecture for GPU resource sharing [65].

Fortuitously, this shared memory buffer can also be used as the host memory buffer
for transferring data to the GPU, negating the need for host-to-host copies. The
client software is based exclusively on Application Programming Interfaces (APIs)
available in the Portable Operating System Interface (POSIX) standard, allowing
GPU integration into the trigger software without the need to link additional custom
libraries. The server component can also maintain a single copy of the requisite
hardware map to share amongst multiple kernels, rather than overwhelming the GPU

memory with individual copies.

5.1.7 Performance results

Performance of the GPU-ported algorithms was measured on a variety of hardware
and compared with a baseline CPU implementation extracted from the trigger soft-
ware framework. For this evaluation, simulated high-luminosity (2 x 103* cm~2s71)
tt data were used.

A comparison of data preparation performance is shown in Figure 5.6. For full-
detector data preparation processing, the processing time is reduced by a factor of
26x when using the GPU algorithm. In accordance with Amdahl’s law [66], the GPU-

parallelized algorithm exhibits almost constant computational complexity, a result of

the highly parallelizable nature of the algorithm and the large ratio of threads to
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Figure 5.6: Data preparation performance comparison between an NVIDIA Tesla
C2050 GPU and a single-threaded Intel E5620 CPU.

input data.

A comparison of tracking performance is shown in Figure 5.7. For the largest
number of tracking input spacepoints, the processing time is reduced by a factor of
12x when using the GPU algorithm. The improvement in scaling behavior is not
as drastic as in the data preparation case, primarily due to the fact that a smaller
fraction of the tracking algorithm code is inherently parallelizable.

Further comparison of data preparation performance on GPUs is given in Ta-
ble 5.4. The results show a promising pattern of performance evolution across device
specifications. This suggests that although CPU frequency increases may be stalled
due to thermal limitations, once parallelized, the algorithms again enter a regime in
which performance improvements come “for free” with hardware advances.

The performance of the GPU client-server architecture was also benchmarked, and
results are shown in Figure 5.8. The GPU performance does show some saturation

at high trigger job multiplicity, although total throughput is still significantly higher
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Figure 5.7: Tracking performance comparison between an NVIDIA Tesla C2050 GPU
and a single-threaded Intel E5620 CPU. An additional hybrid test was performed
where all processing steps were performed on the GPU, except for track clone removal,
which was performed on the CPU.

than that of the CPU. This saturation is likely due to the limited number of streaming
multiprocessors on the GPU. In practice, however, this saturation is not problematic,
because trigger job resources typically impose more pressing constraints on trigger
nodes due to their high memory usage. This problem may also be addressed without
code modification by future hardware advances.

An OpenCL port of the GPU bytestream decoding and clustering algorithms was
benchmarked on a variety of NVIDIA and AMD GPU and CPU hardware. The results
of these benchmarks are given in Table 5.5. The results indicate reasonable perfor-
mance on alternative hardware, though there is some performance disparity between
the CUDA and OpenCL implementations, even on identical hardware. This disparity
is most likely explained by the device-agnosticism of OpenCL’s computing paradigms

and the consequential inability to optimize certain memory access operations.
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Device  Architecture Cores Core speed Event Event
processing time processing rate

C1060 Tesla 240 1300 MHz 26.8 ms 37.3 Hz
GT 630M Fermi 96 800 MHz 18.3 ms 54.5 Hz
GT 650M Kepler 384 835 MHz 17.2 ms 58.2 Hz

C2050 Fermi 448 1150 MHz 9.87 ms 101 Hz

K20 Kepler 2496 706 MHz 7.83 ms 128 Hz
K40 Kepler 2880 745 MHz 6.39 ms 156 Hz

Table 5.4: Data preparation performance and specification comparison for a variety

of NVIDIA GPU hardware.

Device  Platform Cores Core speed Pixel SCT
processing time processing time

NVIDIA GPU

NVIDIA GPU
AMD GPU
V7800  (OpenCr) 1440 700 Mz 8.3 ms 7.7 ms
AMD Py 32 2300 MHz 19.0 ms 12.1 ms

6276 (OpenCL)

Table 5.5: Data preparation performance and specification comparison for a variety
of NVIDIA and AMD GPU and CPU hardware using CUDA and OpenCL imple-
mentations of the ATLAS data preparation algorithms.

5.2 Enhancement of analysis performance using JIT
compilation techniques

A large fraction of high energy physics analysis constructs, such as counting or his-
togramming, require the evaluation of an expression in the context of an associative
data structure representing an event. For example, such an expression may be used to
select events passing some criteria, or to compute a quantity derived from an event.
These expressions may contain symbols representing properties of the data or, more
generally, functions of these properties used to compute derived quantities.

In this section, a study is presented on the usage of JIT compilation techniques to

enhance the performance of expression evaluation in physics analyses. An overview
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Figure 5.8: Rol throughput performance comparison between an NVIDIA Tesla
C2050 GPU accessed through the client-server architecture and a single-threaded
Intel E5620 CPU. An additional hybrid test was performed where all processing steps
were performed on the GPU, except for track clone removal, which was performed on

the CPU.

of existing techniques is presented, along with a brief discussion on JIT computing
and an outline of the test implementation. Results of using JIT-compiled expression

evaluation are presented, along with discussion of considerations for practical usage.

5.2.1 JIT compilation

Modern advances in computing, in particular those oriented toward dynamic lan-
guages such as JavaScript and Python, have greatly advanced compiler technology
and techniques for dynamic code evaluation |67, 68, 69, 70|. These advances have
tremendous potential to alter the way in which many analysis quantities are evalu-
ated.

In particular, there has been a shift from execution relying on interpreters and

virtual machines to execution relying on dynamic code generation. This has, in
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large part, been driven by the so-called “browser wars,” where the execution speed
of JavaScript has been paramount for the user-facing performance of complex and
dynamic web applications. Python’s own recent position at the forefront of scientific
computing has also motivated studies into enhancement of its performance.

Traditionally, source code translation and/or execution has been performed by an
interpreter, a virtual machine, or a compiler that translates directly to machine code.
Each of these techniques has both benefits and drawbacks.

An interpreter evaluates code by iterating over its instructions sequentially, inter-
preting them at run time and performing the corresponding operation on the CPU.
While this is the most dynamic approach from a development and deployment per-
spective, it is also the least performant.

A virtual machine is a hybrid approach between run time code evaluation and full
machine code compilation. A virtual machine provides an architecture-independent
instruction set, usually in an effort to provide a cross-platform abstraction layer. At
compile time, source code is translated into instructions from this set. This allows
for some optimizations to be performed at compile time. At run time, the virtual
machine instruction set is translated into operations on the actual CPU. This ap-
proach provides much of the same flexibility as source code interpretation, but with a
smaller overhead at run time, imposed only by the translation of the virtual machine
instructions.

A compiler that translates directly to machine code is by far the most performant
of these three techniques. Such compilers are designed to generate code for a specific
CPU architecture, typically x86 or x86 64, and always require ahead-of-time compi-
lation. This incurs a considerable penalty in terms of development and deployment
flexibility.

The desire to bring dynamic languages such as JavaScript and Python to the fore-

front of performance has motivated the development of JIT compilation techniques
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for the dynamic generation of machine code. Such techniques allow for programs
to evaluate their own performance and generate native machine code at run time
to facilitate execution that might otherwise be handled by an interpreter or virtual
machine. This approach brings with it the flexibility of dynamic languages, both in
terms of development cycle and deployment, as well as the performance characteristic

of native machine code.

5.2.2 [Existing evaluation techniques

Many high energy physics analyses are performed with the ROOT data analysis frame-
work. In ROOT, expression evaluation on events is typically performed (indirectly)
by the TTreeFormula expression evaluator [71|. TTreeFormula uses a custom inter-
preter that supports a subset of the C++ language grammar. ROOT also facilitates
the use of bespoke C++- code for the evaluation of expressions, although this approach
is far less flexible than the evaluation of expressions at run time.

Additionally, TTreeFormula’s implementation is such that expression evaluation
is strongly coupled to data loading. This problem is exacerbated by ROOT’s primary
APIs for accessing TTreeFormula, namely TTree: :Draw and TTree: :Project, which

enforce single-use access of data loaded by TTreeFormula.

5.2.3 JIT computing on high energy physics data

This study explored the use of the Numexpr JIT compiler [72| to accelerate the evalu-
ation of expressions on data for high energy physics analyses. Numexpr dynamically
generates machine code for evaluating expressions on NumPy [73] arrays. NumPy
arrays are highly efficient multidimensional homogeneously typed arrays written as a
C extension for Python. Numexpr is also capable of utilizing vectorized instructions
to operate on multiple chunks of data at once.

Because the use of Numexpr decouples the evaluation of expressions from data

loading, Numexpr also allows for multithreaded evaluation of its generated code.
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Concordantly, results for multithreaded expression evaluation are also presented.
Expressions used in the Z;H — 7,7, were benchmarked for a simulated 8 TeV
tt sample. Expressions of varying size and complexity were evaluated on different
event sample sizes. Comparisons were made using TTreeFormula, bespoke C-++,
and Numexpr-enhanced Python. To load data into a format suitable for dynamic

evaluation, the root numpy [74] package was used.

5.2.4 Performance results

Execution times for expressions of varying complexity are shown in Figure 5.9. Data
loading time is excluded from these times, though the overhead of run time compi-
lation is included. For each configuration, five trials were performed and their times
averaged. The standard error of each configuration is shown. The numerical results
of different techniques were compared and no significant differences in precision were
observed.

The JIT-compiled expression evaluation exhibits better performance than ROOT
in all cases, and in some cases even surpasses the performance of the pre-compiled
C++ code due to Numexpr’s use of vectorized instructions. For large expressions,
the JIT compiler exhibits poorer performance, though this can be mitigated through

multithreading and, potentially, use of a different compiler infrastructure.

5.2.5 Considerations for practical usage

Although Numexpr provides considerable performance enhancement of expression
evaluation, it does have several drawbacks that might cause complications in naive
usage.

Firstly, Numexpr does not support out-of-core computation, so the entire dataset
under evaluation must be loaded into memory. However, packages do exist that allow

for out-of-core evaluation of larger-than-memory datasets using Numexpr [75].
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Figure 5.9: Expression evaluation times for different evaluation techniques with a
variety of expressions on simulated 8 TeV tt events. Times are averaged across five
trials, with standard error bars indicated.

Secondly, Numexpr does not allow for the evaluation of arbitrary functions on
event properties. New intrinsics can be implemented in the Numexpr compiler, but
no programmatic facility is provided for this purpose. Nonetheless, functions can be
evaluated externally (potentially even using Numexpr), and the results joined with
the original data to be incorporated into Numexpr’s evaluation infrastructure.

Finally, the current infrastructure for loading ROOT files into Numpy arrays,
root _numpy, is not as performant as ROOT’s native interface. This is primarily
due to the implementation of the Python/ROOT bindings, for which a more efficient

implementation could be developed. Nonetheless, the loading time is within an order
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of magnitude of ROOT’s native speed. Given that multiple expressions are typically
evaluated against a single dataset (e.g. in the case of multiple analysis categories or
histogram distributions), the reusability of pre-loaded data still provides extensive
performance benefits over ROOT’s single-use data loading and expression evaluation

infrastructure.
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Chapter 6

Overview of the H — 77 analyses

Each of the H — 77 analyses uses slightly different techniques due to differing event
topologies and backgrounds. This chapter provides a brief overview of the analysis
types, datasets, blinding strategy, and signal extraction techniques used in these
analyses. This overview is followed by a detailed description of the discriminating

variables and event selections used in the H — 7,7, and Z;;H — 7,75, analyses.

6.1 Analysis types

The main analyses, documented in their entirety in [76], are each a multivariate anal-
ysis (MVA) utilizing a boosted decision tree (BDT) discriminant to separate signal
and background events, as detailed in Section 6.5.4. An additional cut-based analysis
is also performed in each of the main analysis channels, although the cut-based results
are used only as a cross-check due to their significantly lower sensitivity. Both anal-
ysis types provide distinct advantages. The BDT provides stronger discrimination
power at the cost of opaque selection logic, while the cut-based analysis provides a
more traditional and physics-driven signal extraction procedure.

The VH analyses will be documented in a future ATLAS publication. They are
implemented solely as cut-based analyses due to the large statistics required to train

a BDT and limitations on manpower.
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In the MVA, a fit is performed on the output score distribution of the BDT.
While selections on event topology are used to divide events into categories based
roughly on their production mode, selections on event kinematics are left intentionally
loose so that the responsibility for signal and background discrimination is delegated
primarily to the BDT. Thus, unlike traditional cut-based analyses, the majority of
background discrimination and rejection in the MVA is performed after signal region
categorization, encoded in the final BDT output distribution.

In the cut-based analyses, a fit is performed on the reconstructed 77 invariant

MMC

mass distribution, m.

. The mass reconstruction is performed using a maximum
likelihood scan detailed in Section 6.5.3.5. Due to the presence of an extra neutrino
in the WH search channel, the late-projected transverse mass, My [77], is used as an
alternative to the mass reconstruction scan. In contrast to the MVA, the majority

of background discrimination and rejection in the cut-based analyses is performed

during signal region categorization by the selection that defines the region.

6.2 Analysis datasets

The main analyses used all proton-proton collision data recorded by the ATLAS de-
tector during Run I. Quality criteria were applied to the data, including requirements
on beam quality and detector subsystem status, resulting in the 4.5 fb=! of 7 TeV
(2011) data and 20.3 fb~! of 8 TeV (2012) data used in the analyses.! The cumulative
integrated luminosity over the course of Run I is shown in Figure 6.1a. In-time pile-up
conditions, as indicated by the average number of interactions per bunch crossing,
are shown for 7 TeV and 8 TeV operation in Figure 6.1b.

The VH analyses used only the 8 TeV dataset, primarily due to the relatively low

integrated luminosity of the 7 TeV dataset.

In the ATLAS experiments, “good” lumi blocks are organized into “Good Runs Lists” (GRLs).
The GRLs used in these analyses are:

datall_7TeV.periodAllYear_DetStatus-v36-prol10-02_CoolRunQuery-00-04-08_A1l1l_Good.xml

datal2_8TeV.periodAllYear_DetStatus-v61-prol4-02_DQDefects-00-01-00_PHYS_StandardGRL_All_Good.xml
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Figure 6.1: Properties of Run I data taking including (a) the cumulative integrated
luminosity delivered, recorded, and passing data quality criteria and (b) the average
number of proton-proton interactions per bunch crossing.

6.3 Blinding strategy

In order to avoid human-induced bias in the analysis results, distributions of dis-
criminating variables (BDT and mMMC) entering the fit were partially or completely
blinded for data in the signal regions. For the BDT score distribution, where signal-
like events are expected to occupy upper bins, data in lower bins were unblinded until
the integrated content of Monte Carlo signal events in the unblinded bins represented
30% of the expected signal contribution to the region. For the mMMC distribution,

data events were blinded in the range 90-160 GeV in the main analyses and over the

MMC

entire m_;

range in the VH analyses.

6.4 Hypothesis testing and statistical procedures

There are three primary statistical procedures in the search for and measurement of

a H — 77 signal:

e Limit setting: Putting an upper bound on the maximum signal strength that

would not be ruled out by a given measurement;
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e Detection: Measuring an event rate greater than that of known background

processes; and

e Measurement: Determining a confidence interval around the best-fit value of

a model parameter.

All three of these procedures are performed via hypothesis testing. In a statis-
tical sense, hypothesis testing consists of quantifying measurement significance via
a p-value (or equivalent Gaussian significance Z) for a combination of hypothesis
and measurement. A p-value represents the probability that a different measurement
would display equal or worse agreement with the hypothesis.

In order to calculate a p-value, the sampling distribution (probability density func-
tion of potential measurement values) is required. For a simple counting experiment,
this might be the probability distribution of potential counts. More generally, a test
statistic (some function of the measurement value) may be used, and the calculation
of the p-value based on the sampling distribution of the test statistic. The p-value is
calculated by integrating the sampling distribution from the measured value to the
upper bound of the sampling distribution domain in the direction characterized as
displaying “worse” agreement.

Before a measurement is made, thresholds are set on detection significance (the
significance assuming a “null” hypothesis of background processes only) and exclu-
sion significance (the significance assuming a null hypothesis of background and sig-
nal processes). In particle physics, a common detection significance threshold is
p = 2.87 x 1077, which corresponds to a Gaussian significance of Z = 50, and a com-
mon exclusion threshold is p = 0.05 (exclusion at the 95% confidence level). For
measurements, two-sided confidence intervals are set at 68% and 95% confidence lev-
els, corresponding to p-values of 0.16 and 0.025, respectively, on each side of the

sampling distribution.
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In the H — 77 analyses, test statistics built around the profile likelihood ratio
are used for limit setting, detection, and measurement. The description of the like-
lihood function, test statistics, and asymptotic formulae for test statistic sampling

distributions in the large sample limit are given in [78|.

6.4.1 Profile likelihood ratio

In order to generate a test statistic, a hypothesis must be reified in terms of a quanti-
tative model. This model must encode both parameters of interest as well as nuisance
parameters whose values must be taken from a fit. In the H — 77 analyses, the pa-
rameter of interest is the signal strength, u = o/ogy, which represents the ratio of
actual Higgs boson production rate to the rate predicted by the Standard Model. In
addition, various nuisance parameters, 6, enter the fit model, encoding background
normalizations (described in Chapter 7) as well as experimental, theoretical, and
modeling uncertainties (described in Chapter 8).

In the H — 77 analyses, measurements are extracted from histograms of discrim-

MMC) ~ The likelihood function for a given

inating distributions (BDT score and m.’;

measurement with N histogram bins, n;, is given by the product of Poisson distribu-

tions:

N
s +0)"
Lo, 0ln) = [ L2 P ot (6.1
i=1 v

where s; and b; are the Standard Model expectation values for signal and background
bin content, respectively, and may be functions of 6.

Additional measurements may be performed to constrain nuisance parameters in a
maximum likelihood fit. The likelihood functions for these measurements depend on
the nuisance parameter under consideration, but are typically Gaussian distributions.

In general,

Lyp(01X) = fx(0,0,A0), (6.2)
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where f is some function of the nuisance parameter, 6, the nominal value of the
nuisance parameter, #, the uncertainty associated with 8, Af, and depends on the
measurement value X.
The combined likelihood function may then be expressed as
L(1,0) = [] Lsin(w.0n) [ Lotn(n0n) ] Lyr(0]X), (6.3)
nesSR neCR 0e6

where the first product is over signal region histograms, the second product is over
control region histograms, and the third product is over nuisance parameters.

When performing the likelihood fit, one is generally not interested in the fit values
of nuisance parameters. If it is possible to express the nuisance parameters in terms
of the signal strength, the likelihood function may be recast to depend solely on
1, allowing extraction of the parameter of interest without calculating the best fit
values of nuisance parameters. Such a modified likelihood is known as the “profile
likelihood.”

This technique may be used to construct the profile likelihood ratio:

Ap) = 1.0 (6.4)

um )

Here 6 is the value of 6 that maximizes L for a specified value of (. [ and 0 are the
values of ;1 and 0 that maximize L unconditionally. The value of the profile likelihood
ratio is bounded in the range [0, 1], with 0 indicating a value of p to be least likely

and 1 indicating the best agreement between the data and the hypothetical .

6.4.2 Test statistics and asymptotic formulae

The test statistics used in the H — 77 analyses vary depending on the hypothesis
being tested. In limit setting and detection, a one-sided test statistic is used that
bounds the potential values of p, while for measurement, a two-sided test statistic is

used.
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The sampling distribution for each test statistic can be computed with asymptotic
formulae that are valid in the large sample size limit, where the negative log-likelihood

is shown by Wald [79] to follow a Gaussian distribution:

_ (p—p)? VN
The standard deviation, o, can be determined by using a special representative data
set, referred to as the “Asimov data set,” for which properties of the distribution
—2In A\(u) are known. Traditional alternative techniques involve the determination

of the sampling distribution through large quantities of Monte Carlo simulations.
6.4.2.1 Limit setting

In limit setting, the p-value of the signal-plus-background (p = 1) hypothesis may be
used to set limits at a specified confidence level (though, as will be subsequently dis-
cussed, the alternative CLg method is used in practice). Expected limits are computed
under the assumption of the alternative background-only (1 = 0) hypothesis.
A test statistic, g,, is used that only considers values of i < p as displaying
disagreement with the hypothesis:
4= { S = (6.6)

The p-value of the signal-plus-background hypothesis can then be computed by

b= [ Juladnda, (6.7
[}

where f,, is the sampling distribution for g,.

A typical procedure for setting a 95% confidence level upper limit on g would
entail finding the smallest value of ;1 for which p, < 0.05. This procedure has the
unfortunate property that hypotheses with small expected signal yields may be ex-

cluded by a downward statistical fluctuation of the data [80]. The CL,; method [81]
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was developed to counter this problem by reweighting the exclusion p-value according

to whether or not the background-only hypothesis also disagrees with the data:

Pu
= 6.
Pcr, 1 — pb7 ( 8)
where p, is defined by
qﬁbs
by = fl]u (qum)dqu- (6.9)

The modified p-value, pcr,, does not suffer from the same “over-exclusion” behav-
ior, and is used as an alternative to p, to compute exclusion limits at the desired

confidence level.
6.4.2.2 Detection

In signal detection, the p-value of the background-only hypothesis is used to quantify
detection significance. Expected sensitivity to the presence of a signal is computed
under the assumption of the alternative signal-plus-background hypothesis.

It is assumed that g > 0 for any true value of . Concordantly, a test statistic,

qo, is defined such that its value is 0 for cases where i < 0:

[ —2ImA0)  4>0

Thus, if the best fit value g is found to be below 0, the data are not considered to
disagree with the background-only hypothesis. The p-value of the background-only

hypothesis can then be computed by

Po =/b fao(2010)dqo, (6.11)
q5"°

where f,, is the sampling distribution for gp.
6.4.2.3 Measurement

The unconditional maximum likelihood estimator, i, is used as the best-fit value for

the model parameter . Because both upward and downward fluctuations of the data
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will result in smaller p-values, confidence intervals around this value are computed

using a two-sided test statistic:
t, = —2InA(p). (6.12)

The p-value representing compatibility of the observed data with [i can then be com-

puted by

b= | fu(tul)dt,, (6.13)
Lobs

where f;, is the sampling distribution for ¢,. This allows for the construction of

two-sided confidence intervals around /.

6.4.3 Implementation and nuisance parameter treatment

The fit model for the H — 77 analyses was implemented using the HistFactory soft-
ware package [82|. Separate fit models were constructed for the main and VH analyses.
In both cases, likelihood fits were performed across all analysis channels. Optimiza-
tion of histogram bin sizes and edges was performed to maximize signal sensitivity
while ensuring reliable and robust event statistics. A variety of checks were also
performed to identify unwanted nuisance parameter behavior, such as strong correla-
tions, nuisance parameters pulled far from their nominal values in the fit, and nuisance
parameters which exhibited double minima in negative log-likelihood distributions.
In the main analyses, a variety of pruning, smoothing, and symmetrization tech-
niques were applied to shape systematics to avoid fit instabilities arising from low

event statistics in systematic samples:

e Shape pruning: A x? test was performed between up/down shape variations
and the nominal sample, and the variation ignored if the x? value was greater

than a channel-dependent threshold.
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e Smoothing: The TH1: :Smooth method of ROOT was used to smooth the ratio
of variation to nominal shape, which was then propagated back to the shape

variation.

e Partial symmetrization: Bins of systematics where both variations were
found to lie on one side of the nominal bin value were adjusted so that the

smaller variation took the nominal value.

e Significance pruning: Shape systematics were discarded when, for all bins,
the magnitude of the variation (Jup —down|) was less than 10% of the statistical

uncertainty for that bin.

Additionally, normalization systematics in the main analyses were required to
have an effect larger than 0.05% in either the up or down variation. They were also
adjusted such that if both were found to lie on one side of the nominal value, the
smaller variation was replaced with the nominal value.

In the Z;;H — 7,73, analysis, where backgrounds were largely estimated using data-

driven methods, such adjustments did not prove necessary for fit stability.

6.5 Discriminating variables

A number of discriminating variables were utilized in the H — 775, and ZyH — 77,
analyses. These variables were used for event selection, categorization into signal
regions, and as input to the discriminating distributions used in the fit. Each of these
variables may be roughly characterized as pertaining to one of three event aspects:

topology, kinematics, or reconstructed mass.

6.5.1 Topological variables

Topological variables played an important role in the selection and categorization

of events. In the main analyses, Njes provided an important classifier by which to
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categorize events based on production mode. For example, the VBF production mode
is expected to result in two opposite-direction high-py forward jets (the remnants of
the quarks that radiated the vector bosons), while boosted Higgs events would be
expected to have at least one jet off which the Higgs boson recoils. Nieptons, While
important for defining event selections in the H — 77 analyses, was also useful for
vetoing certain backgrounds (such as diboson contributions to the H — 7,7, analysis)
where extra leptons would be expected.

In addition, two variables were constructed in the H — 77, analysis as quantita-

tive metrics of the event topology for input to the BDT:

o Emiss ¢ centrality: This variable is defined as the scalar sum of the components
of the unit vector in the direction of E¥* in a transverse plane that has been
transformed so that the two 7 leptons are orthogonal. It takes a maximum
value of v/2 if the E*s is directly between the two 7 leptons in ¢, falling off to
a value of 1 if the EX* is aligned with one of the 7 leptons in ¢, and tailing off

to < 1 when the EXs is outside the ¢ range delimited by the two 7 leptons.

e X-n-centrality: This class of variables is used in VBF events to quantify the
pseudorapidity of an object, X, relative to the two opposite-direction high-pr
forward jets in the event. It is defined as

—1 mt e\
Coime(Nx) = exp [— (77X — = 5 2) ] ; (6.14)

(771 - 772)2

where n; and 7 are the pseudorapidities of the jets and ny is the pseudorapidity
of the object in question. It takes a maximum value of 1 when the object in
question is between the two jets in pseudorapidity, falling off to a value of 1/e
when the object is at the same pseudorapidity as one of the jets, and tailing off
to < 1/e when the pseudorapidity of the object is outside of the pseudorapidity

range delimited by the two jets.
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6.5.2 Kinematic variables

In addition to topological variables, several kinematic variables were used to select
and categorize events. Many of these were also used as inputs to the BDT. For

H — 713, these variables included:

* pr; ] Z%T;
e ph (the pr of the leading jet);
® Njy X Mjas
e p» (the pr of the subleading jet);
e |n;, —nj|; and
A 5~
° "‘pT _'_pJets ° ptotal — pT +plT _i_ﬁets + E;‘I_‘liss'

Due to the limited statistics in the Z; H — 7,75, analysis, the only kinematic selec-
tion performed was on the pr of the 75, decay products. This provided an important

discriminant against fake 75, backgrounds.

6.5.3 Mass variables

A variety of different reconstructed mass variables were used in the H — 77, and
ZyH — 71, analyses. Some of these variables represent full reconstructed masses,
while others represent partially reconstructed masses that are bounded by the true

mass of some parent particle.
6.5.3.1 Invariant mass of the Z — [l system

In the Z;H — 77, analysis, the invariant mass of the leptons associated with the
Z boson, my, 1,,, provided an important tag of the ZH signature. The invariant
masses for all pairs of same-flavor and opposite-sign leptons in a candidate event were

calculated, and the leptons that exhibited an invariant mass closest to the Z boson
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mass were identified as originating from the Z boson. This identification of the Z mass

provided a clean and simple criteria by which to reject fake leptons.
6.5.3.2 Dijet mass

In the H — 77, analysis, the invariant mass of the two leading jets, m;, ;,, was used
as an input to the BDT. This variable is useful for identifying VBF events, where the

two high-pr forward jets in the event are expected to have a large invariant mass.
6.5.3.3 Transverse mass

In the H — 7375, analysis, the transverse mass, my, between the lepton and the Ess
was used as a discriminant against W + jets backgrounds. For two objects in an

event, the transverse mass is defined as

mr =\ (Eh+ E3)?2 — (5 + 7)2. (6.15)

The transverse mass is a partial mass, meaning that it is bounded by the true in-
variant mass of the parent particle. It is particularly useful in the case where one or
more components of the daughter momenta is unknown, such as the non-transverse
components of the invisible decay products. Because mr is bounded by the invariant
mass of the parent particle, it provides a useful discriminant between 7 — (7 and

W — lv decays.

6.5.3.4 Visible mass

The invariant mass of the visible 7 lepton decay products was also useful for con-
structing a discriminant against fake backgrounds. Like my, it is only a partial mass,
not accounting for the invisible 7 lepton decay products. While it could in principle
also be used as an approximation of the full invariant mass of the 77 system, a more

accurate mass reconstruction technique was used in the H — 77 analyses.
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6.5.3.5 Missing Mass Calculator

The motivation for and implementation of the full 77 invariant mass reconstruction
technique used in the H — 77 analyses is detailed in [83]. Reconstruction of the
full 77 invariant mass is complicated by the presence of one or two neutrinos per 7
decay. Traditionally, analyses have relied on either partial reconstruction of the 77
invariant mass, such as visible mass or transverse mass, or approximations based on
assumptions about the invisible decay products, such as the collinear mass approx-
imation [84]. Each of these techniques has various drawbacks, including poor mass
resolution, strong assumptions about the 77 system, or even lack of calculability in
some cases.

In an effort to overcome the limitations imposed by such approximations, the
H — 77 analyses used a technique referred to as the “Missing Mass Calculator”
(MMC). It has the benefit of making no assumptions about the 77 decay kinematics,
while still constructing a complete, accurate, unbiased invariant mass.

Operation of the MMC relies on four known constraints:

EP = Proiss; SIN(Ormiss; ) €0S(Omiss; ) + Pmisss S (Ommiss, ) €OS(rmiss, )

E{ZH‘SSS = Pmiss; Sin<9missl) Sin(¢missl) + Pmissy Sin(emissz) Sin(¢mis52)
(6.16)

2 2 2
mTl = mmiss1 + mvi51 + 2Evilemiss1 - 2pvislpmissl COS(Aevis—missl)

2 2
mTQ - mmis52

2
visg + 2Evi52 Emi852 - 2pviszpmi582 COS(Aevis—missz)-

+m
Here EP™S and E%;iss are the z and y components of EI po. and ppis, are the
momenta of the visible and invisible decay products of the ith 7, Oiss; and ¢piss, are
the polar and azimuthal angles of the invisible decay products of the ith 7, Afyis miss;
is the angle between pyis; and puiss;, and m.,, Myis;, Mmiss; are the masses of ¢th 7, its
visible decay products, and its invisible decay products, respectively.

These constraints are combined with a 2-4 dimensional likelihood function to

solve for 6-8 kinematic parameters (the three components of neutrino momentum

from each 7 decay, plus an invariant mass of the v7 system in the case of a leptonic
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Figure 6.2: The reconstructed mMMC for H — 77 (mpy = 125 GeV) Monte Carlo and
Z — 771 embedding events (see Section 7.3.2) in the two signal regions of the H — 7,7,
analysis |76].
7 decay). In order to weight hypothetical decay parameters, the likelihood function
uses information about 7 decay kinematics, such as E& resolution and the AR
distribution between the visible and invisible 7 decay products. The mass likelihood
scan is performed in a space of (Pmiss; s Pmiss, )» With additional dimensions added for
vV invariant masses as necessary. The most likely mass is chosen as the reconstructed
mass.

The MMC converges for ~99% of H — 77 and Z — 77 events. It also provides

strong mass resolution and discrimination, as illustrated in Figure 6.2.

6.5.4 Boosted decision trees

The discriminating variables described in this section were also used as input to a
BDT classifier for more stringent discrimination in the main analyses. A decision
tree [85] is a classifier that uses recursive partitioning of samples (based on a set of

sample properties) to perform binary or multiclass classification. Decision trees are
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trained using labeled samples, with each selection node constructed to optimize some
separation criteria for the training samples it evaluates.

Decision trees are inherently unstable, and thus a small change in the training
samples can lead to a large fluctuation in the performance of the classifier. A technique
known as “boosting” is used to increase the stability as well as performance of decision
trees. Boosting uses an ensemble of iteratively trained decision trees, each trained
to correctly classify samples that were misclassified by its predecessor. The result is
referred to as a “boosted decision tree.” For each sample, the output of the BDT
is a value in the range [—1,+1], with —1 being most background-like and +1 being
most signal-like. Two boosting algorithms were used in the MVA: AdaBoost [86]
for the H — 7,7, channel and gradient boosting [87| for the H — 77, and H — 77
channels. Gradient boosting is effectively a generalization of AdaBoost to arbitrary
loss functions, though both algorithms provide similar performance in the context of
the H — 77 analyses. BDTs within the H — 77 analyses were implemented using
the Toolkit for Multivariate Data Analysis with ROOT (TMVA) [88]. A separate
BDT was used for each analysis category.

Event properties used for BDT training and classification in the H — 7;73, channel
are given in Table 6.1. The list was generated by considering all potential event
properties and pruning those that were not well-modeled or did not have a significant

positive effect on BDT discrimination power. Distributions of BDT input variables in

MMC

TT )

the VBF and boosted signal regions can be found in Appendix A, except for m

distributions of which are shown in Section 6.7.

6.6 Triggers

To identify events for consideration, single electron and muon triggers were used to

seed the H — 71, and Z;;H — 7,73, analyses. Trigger pr thresholds were chosen to be
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Variable VBF Boosted

AR, ) °
myr ° °
EXiss_¢-centrality °
mMMC ° °
o+ Pyt pr .
%‘ .
My ja ¢
M X Mja ¢
731 = M| .
[-n-centrality °
plol o

Table 6.1: Boosted decision tree training and classification variables and their usage
within the H — 77, signal regions [76].

as low as possible while avoiding pre-scaled triggers.? A summary of the triggers used
for 7 TeV and 8 TeV data taking periods is given in Table 6.2. The first component
of the trigger name indicates its level in the trigger chain, with EF corresponding
to the Event Filter. The second component of the trigger name indicates the object
type (electron or muon) and corresponding pr threshold, as well as any isolation
requirements and additional trigger chain information. The third component indicates
the trigger identification criteria and revision.

For the 7 TeV H — 7,7, analysis, the 7.7, channel is seeded by single electron
triggers with a pr threshold varying between 20-22 GeV, while the 7,7, channel is
seeded by single muon triggers with a pr threshold of 18 GeV. For the 8 TeV H — 77,
and Z; H — 77, analyses, more complex triggers are used that allow for either isolated

lower-pr objects with or higher-pr objects without isolation requirements. The 8 TeV

2Pre-scaled triggers are triggers that only accept every nth event passing the trigger criteria,
where n is a configurable (potentially even dynamic) value. This results in a rate reduction that
is typically useful for low-pp threshold triggers, where high rates are expected. This behavior is in
contrast to non-pre-scaled triggers, where every event passing the trigger criteria is recorded.
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Collision energy Type Period Trigger

A-J EF_e20_medium
Single Electron K EF_e22_medium
7 TeV L EF_e22_mediuml
. A1 EF_mul8_MG
Single Muon 57y EF_mui8_MG_medium
8 TeV Single Electron ~ All  EF_e24vhi_mediuml || EF_e60_mediumi
Single Muon All EF_mu24i_tight || EF_mu36_tight

Table 6.2: A summary of the triggers used across 7 TeV and 8 TeV data taking
periods in the H — 77, and Zy;H — 77, analyses. A summary of ATLAS trigger
nomenclature is given in Section 6.6.

electron trigger pr thresholds are 24 GeV with isolation and 60 GeV without isolation.

The 8 TeV muon trigger py thresholds are 24 GeV with isolation and 36 GeV without.

6.7 Event selection and categorization

After candidate events are identified by the single lepton triggers, they are subjected
to a series of selection criteria designed to categorize them into different signal re-
gions. The event selections for the MVA and VH analyses are designed to impose
the minimum number of requirements necessary for identification and categorization
of events. In the MVA, this minimal selection is designed to allow more efficient
discrimination by the BDT. In the VH analyses, a minimal selection is necessitated
by the limited number of events available, though it is still quite stringent due to
requirements on the number of leptons in the event.

The background estimation methods used to construct the plots in this section,
as well as additional selections designed to isolated background-rich control regions,

are detailed in Chapter 7.

6.7.1 H — 77y,

In the H — 7,7, analysis, events are first required to pass a basic topological preselec-

tion, and then subsequently divided into two signal regions with additional selection
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criteria: VBF and boosted. The categorization into signal regions is done in a cascad-
ing fashion, so that events are only considered for inclusion in the boosted category

if they have already failed the VBF categorization selection.
6.7.1.1 Preselection

The H — 713, preselection imposes only basic requirements on event topology:
e Ni=1;

o N, =1;

Th

o (), - Q; <0 (the lepton and hadronically decaying 7 lepton should be oppositely

charged); and

MMC
T

MMC>O

o is set to a negative value if the likelihood scan fails to con-

em (m

verge).

Plots of various distributions at H — 7,75, preselection can be seen for the electron

channel in Figure 6.3 and the muon channel in Figure 6.4.
6.7.1.2 Post-preselection

All signal regions include two additional post-preselection criteria: a veto on W + jets
events and a veto on b-jet events. The W + jets veto is implemented by a cut on trans-
verse mass: my < 70 GeV. The b-jet veto is implemented by a cut on the b-tagging

MV1 score at a working point which is 70% efficient for rejection of b-jet events.
6.7.1.3 VBF

The VBF signal region is designed to isolate events generated by the VBF production
mode, characterized by two opposite-direction high-pr forward jets originating from
the quarks which radiated the vector bosons. VBF selection is defined relative to

preselection by additionally requiring:
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Figure 6.3: Various distributions at preselection in the electron channel of the
H — 775, analysis with 20.3 fb=! of 8 TeV data.

]Vjets Z 2;

p{fl > 50 GeV;

p%? > 30 GeV; and

|77j1 - 77j2| > 3.0.

If events fail these selection cuts, they are considered for inclusion in the boosted

signal region.

Events which do pass VBF selection are subject to an additional

requirement on the visible mass of the 7 decay products: mY® > 40 GeV. Events

that pass VBF selection but fail this cut

are not used.
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Figure 6.4: Various distributions at preselection in the muon channel of the H — 77,
analysis with 20.3 fb~! of 8 TeV data.

Plots of various distributions in the H — 7,7, VBF signal region can be seen in

Figure 6.5.
6.7.1.4 Boosted

Only events that fail VBF selection cuts are considered for inclusion in the boosted
signal region. They are required to have pZ > 100 GeV. Boosted Higgs events are
primarily dominated by ggF events, but also include some contribution from VBF
and VH. The boosted Higgs topology is useful due to the small angle between the
invisible 7 decay products, which leads to better reconstruction of E¥ and mass
variables which depend on EF*. In non-boosted Higgs events, the contributions of

back-to-back 7 decay products can cancel, leading to an incorrect reconstruction of
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Figure 6.5: Various distributions in the unblinded H — 7;7;, VBF signal region with
20.3 fb~! of 8 TeV data. These plots are constructed using pre-fit background esti-

mation.

E¥ss and mass variables.

Plots of various distributions in the H — 7;7, boosted signal region can be seen

in Figure 6.6.

6.7.2 Z;H — nm,

Like the H — 77, analysis, the Z; H — 7,7, analysis imposes basic preselection cuts

to categorize events into analysis channels. However, due to the singular production

mode and limited statistics, only a single signal region is used.
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Figure 6.6: Various distributions in the unblinded H — 77, boosted signal region
with 20.3 fb~! of 8 TeV data. These plots are constructed using pre-fit background
estimation.

6.7.2.1 Preselection

The ZyH — 713, preselection places requirements on both the Z boson decay and the

7T System:
[ Nl = 3,
L4 N'rh = 17

e Flavor(lz,) = Flavor(lzs) (here lz; and [z represent the leading and sublead-

ing leptons associated with the Z boson decay);
L4 QlZ,l : leyg < 07

115



%, likr,, Presel. —— Data [ Diboson a ik, Presel. —— Data ([ Diboson

Q 1 —— VH [125 GeV, 10x] [ Top O 1 —— VH [125 GeV, 10x] [ Top

Te) J-L dt=20.3fb @ VBF mEmz- [T} J'Ldl=20A3 o @ VBF -t

g . ooF o Fake T, > . ooF 3 Fake T,

@ Is=8.0 TeV 3 Triboson 7777, Stat. O Sys. Unc. = Is=8.0 Tev 3 Triboson 77777, Stat. O Sys. Unc.
w

4

o <
3 ot g
g ///%7% 7 2 7 / / N0 0% 4
E 7 ’// // 8 / V¥ 7225
s . s
8 200 250 8 60 70 80
miMC (GeV) Pl (Gev)
%, liit, Presel. —— Data [ Diboson % - llig, Presel. —— Data [ Diboson
o . —— VH[125 GeV, 10x] [ Top O 50 . —— VH [125 GeV, 10x] [ Top
o IL dt=20.3 " = VBF Bz o o ILdt=20.3 fo* m VBF iz
> ~ . ooF [ Faker, 2 EoL . ooF [ Faker,
2 Vs=8.0 TeV [ Triboson 77 Stat. 0 Sys. Unc. o a0 Vs=8.0 TeV (3 Triboson 7777 Stat. 0 Sys. Unc.
)| =
20—
10
,,,,,,,,,,,, 0 o
3 . 7 é 1 2 B
& //// Y % //J; ) s /, ) / %,,,,7”54/1// 7.
T & %
£ os 7 / 007 $ o8k 7
§ 08 g 086 '

30 40 50 0 100

70 80
P (GeV) m,,. (GeV)

Figure 6.7: Various distributions at preselection in the Z;H — 77, analysis with
20.3 fb~! of 8 TeV data.

b QlT ’ QTh < 0; and

o mMMC > (),

In order to determine which two of the three required leptons should be associated
with the Z boson decay, the invariant mass of all pairs of same-flavor opposite-sign
leptons in the event is computed and the pair with an invariant mass closest to the
Z boson mass chosen. The remaining lepton is then identified as the 7; decay.

Plots of various distributions at Z; H — 7,73, preselection can be seen in Figure 6.7.
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6.7.2.2 Signal region

The Z;H — 7,73, signal region imposes three additional requirements to reduce back-

grounds due to fake leptons and 75, objects:
e 81 GeV <my, ,1,, < 101 GeV;
e Tight identification criteria on the electron associated with the 7; decay; and
o pih > 30 GeV.

The latter two cuts were chosen to maximize the ratio S/v/B in the signal region,
where S is the expected signal content and B is the expected background content.
Plots of various distributions in the Z;H — 7,7, signal region can be seen in

Figure 6.8.
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Chapter 7

Signal and background modeling

Accurate modeling of both signal and background processes is essential for the de-
tection, identification, or exclusion of a Higgs boson. These processes, in particular
their event yields and shape contributions in discriminating distributions, must be
well-understood in order for the statistical methods of Chapter 6 to be meaningful.
This chapter summarizes the simulation and data-driven techniques used to model
signal and background processes in the H — 77, and Z; H — 77, analyses. It begins
with a description of the signal processes considered in the H — 77 analyses. This is
followed by an enumeration of background processes and their mechanisms of inclusion
in event selections. Finally, the Monte Carlo and hybrid “embedding” samples used
to model various processes in the analyses are summarized, and an account is given

of the two separate techniques used to model the large QCD multijet background.

7.1 Signal processes

There are four signal processes considered in the main analyses: ggF, VBF, WH, and
ZH. In the VH analyses, only the WH and ZH processes are considered signal pro-
cesses, while the ggF and VBF processes are considered “background” signal processes.
ttH is not considered in any H — 77 analysis due to its negligible contribution.
Because the mass of the Higgs boson coupling to 7 leptons is not currently known,

a variety of signal process samples are produced at different hypothetical Higgs boson
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mass points. The mass search range is guided by previous experimental exclusions,

and is chosen to be 100 GeV to 150 GeV, with mass points spaced at 5 GeV intervals.

7.2 Background processes

A variety of processes can mimic the event topology of the H — 77 and VH — 77
signal processes. Background processes in the H — 77 analyses are split into two

general categories:

e Irreducible backgrounds: Those processes that generate real [, 7;, and 7,

objects satisfying the event selections; and

e Fake backgrounds: Those processes that are included in event selections due

to the presence of fake [, 7, or 75, objects.

Irreducible backgrounds can only be differentiated from signal processes to a lim-
ited extent using cuts on event kinematics and discriminating variables (such as recon-
structed invariant mass). However, because they contain real objects, often generated
through processes nearly identical to the signal processes, these backgrounds cannot
be completely attenuated.

In contrast, fake backgrounds can be reduced by better object reconstruction
and identification criteria. The primary fake objects considered in the H — 77,
and ZyH — 17, analyses are jets misidentified as hadronically decaying 7 leptons.
T, objects may also be faked by light leptons. In the case of the H — 7,75, and
ZyH — 71, analyses, where a light lepton is required, these fake 75, objects can be
produced in association with either a real light lepton (e.g. one coming from W or
Z boson processes) or a jet misidentified as a light lepton.

Both irreducible and fake backgrounds have a significant contribution to the

H — 771 analyses. Additionally, each background may contribute in multiple ways.
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The large assortment of mechanisms by which backgrounds can enter the event selec-
tions necessitates a variety of different modeling techniques, which are described in

Section 7.3.

721 =TT

The Z — 771 background is the primary irreducible background in the H — 7,75, anal-
ysis. Capable of producing real 7; and 7, signatures, the Z — 77 background is partic-
ularly important due to its similarity to the H — 77 signal processes. Discrimination
from signal using variables built on invariant mass reconstruction of the 77 system is
only viable if the mass of the Higgs boson is significantly different from that of the
Z boson.

In the H — 77, analysis, modeling of the Z — 77 background is validated in a
dedicated control region. This control region is defined relative to a given signal

region by imposing the following cuts:
e mp < 40 GeV; and
o mMMC <100 GeV.

Distributions of the BDT output score in the VBF and boosted Z — 77 control

regions are shown for 8 TeV samples in Figure 7.1.

7.2.2 QCD multijet

QCD processes provide a significant source of fake 75, objects that enter into the
H — 7y, and Z;yH — 77y, analyses. Although the rates for jets faking electrons and
muons are very low, the very large gg cross section at the LHC leads to a non-negligible
contribution of fake 7, and fake light lepton objects being produced in tandem. The
QCD multijet background is the largest source of fake 73, objects in these analyses and

is notoriously difficult to model accurately with Monte Carlo. Consequently, two data
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Figure 7.1: The mMM€ distributions in the (a) VBF and (b) boosted Z — 77 control
regions with 20.3 fb~! of 8 TeV data.

driven methods are used to account for the QCD multijet contribution, as described

in Section 7.3.

7.2.3 W + jets

Aside from pure QCD contributions, backgrounds where jet-faked 73, objects are pro-
duced in combination with real leptons also generate a significant number of back-
ground events. The largest such background is the W + jets background. The primary
mode of contribution is due to a leptonically decaying W boson combined with a jet
faking a 7, signature. The W boson can also decay to a 7 lepton, but the majority
of W + jets events that pass event selection are due to the W-generated 7 decaying
leptonically combined with a jet-faked 7.

In the H — 77, analysis, modeling of the W + jets background is validated in
dedicated control regions. These control regions are defined relative to signal re-
gions by inverting the W + jets veto in the corresponding selection, thereby requir-
ing my > 70 GeV. Distributions of the BDT output score in the VBF and boosted

W + jets control regions are shown for 8 TeV samples in Figure 7.2.
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Figure 7.2: The mMMC distributions in the (a) VBF and (b) boosted W + jets control
regions with 20.3 fb~! of 8 TeV data.

724 Z =l

In the ZyH — 77, analysis, Z — [l processes combined with QCD multijet processes
form the largest source of fake 75, backgrounds. In the H — 7375, analysis, the Z — [l
background can contribute fake background events in two ways. First, although the
analysis vetoes the presence of a secondary light lepton, one of the leptons may be
missed by object reconstruction or fail identification, and a QCD jet may fake a 7,
signature. Alternatively, one of the leptons may fake a 73, signature.

Z — Il modeling is validated in the H — 7;7, analysis by replacing the dilepton
veto with a requirement of two opposite-sign same-flavor leptons. Distributions of
the BDT output score in the VBF and boosted Z — [l control regions are shown for

8 TeV samples in Figure 7.3.

7.2.5 Top

Backgrounds due to top quark events contribute both irreducible and fake-driven
backgrounds. The top quark, which decays to a W boson and down-type quark
(primarily b), is capable of generating true 75, and 7; signatures. Additionally, jets

originating from top quarks can be misidentified as 7, objects. This leads to a large
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Figure 7.3: The mMM€ distributions in the (a) VBF and (b) boosted Z — I control
regions with 20.3 fb~! of 8 TeV data.

variety of modes in which top quark processes can fake H — 7,7, signatures, due to
both ¢t and single top production.

In the H — 773, analysis, modeling of the top background is validated in dedicated
control regions. These control regions are defined relative to signal regions by inverting
the MV1-based b-jet veto in the corresponding selection. Distributions of the BDT
output score in the VBF and boosted top control regions are shown for 8 TeV samples

in Figure 7.4.

7.2.6 Diboson and triboson

Diboson production (WW, WZ, and ZZ) provides only a small background contri-
bution to the H — 77, analysis, but it is the major irreducible background for all
VH analyses. In the case of H — 773, the secondary light lepton veto provides pro-
tection from these backgrounds, although hadronic decays of one of the bosons may
allow events to bypass this criteria. The triboson background is not considered in the
H — 77, analysis, and provides only a minuscule contribution to the Z;H — 77,
analysis.

In the Z;H — 7,73, analysis, modeling of the diboson background is validated in
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Figure 7.4: The mMMC distributions in the (a) VBF and (b) boosted top control
regions with 20.3 fb~! of 8 TeV data.

a dedicated control region. This control region is defined relative to preselection by
TT

requiring 81 GeV < my, 1, ,, ma'° < 101 GeV. The mMM® and my,, ,,,,, distributions

in the Z;y;H — 77, diboson control regions are shown in Figure 7.5.

7.3 Modeling techniques

Several different techniques were employed to model the various signal and back-
ground contributions to the analyses. Monte Carlo samples were used to model all
signal contributions, as well as the contributions of backgrounds not containing fake
T, objects. The large irreducible Z — 77 background was modeled using a special
hybrid technique involving simulated 7 decays embedded in data events. Finally, the
large QCD multijet fake 7, background, which is poorly described by Monte Carlo,

was modeled using two different data-driven methods.

7.3.1 Monte Carlo

ggF and VBF samples were generated using POWHEG [89], with parton showering
and underlying event modeling handled by PYTHIA (version 6 [90] for 7 TeV and ver-
sion 8 [91] for 8 TeV). WH and ZH samples were generated using PYTHIA (version 6
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Figure 7.5: The (a) m¥™° and (b) my,,;,, distributions in the Z,H — 77, diboson
control region.
for 7 TeV and version 8 for 8 TeV).

W + jets and Z — [l samples were generating using ALPGEN [92] with PYTHIA 6
handling parton showering and underlying event modeling. ¢t samples were generated
using POWHEG, while single top samples were generated using MC@QNLO [93] and
AcerMC [94]. In the main analyses, WW samples were generated using ALPGEN
and gg2WW (95|, while WZ and ZZ samples were generated using HERWIG [96].
In the VH analyses, higher-statistic WW, W~, WZ, ZZ samples were taken from
the ATLAS H — WW analysis [97], where they were generated using combinations
of gg2WW, HERWIG, POWHEG, PYTHIA, JIMMY (98|, and MadGraph [99]. For
all top and main analyses’ diboson samples, HERWIG was used for parton showering
while the underlying event was modeled with JIMMY. Triboson samples for the VH
analyses were generated using MadGraph using PYTHIA 6 for parton showering and
underlying event modeling.

The CT10 [100] parton distribution functions (PDFs) were used for the POWHEG,
gg2WW, and MC@NLO generators, while the CTEQ6L1 [101] PDFs were used with
the PYTHIA, ALPGEN, MadGraph, AcerMC, and HERWIG. In all cases, TAUOLA [102]

was used to simulate 7 lepton decays, while PHOTOS [103] was used to simulate
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bremsstrahlung from charged leptons. Detector simulation was performed using
Geant4.

A variety of correction procedures were also applied to samples as recommended by
ATLAS physics combined performance groups. Finally, samples were generated with
a variety of different pile-up conditions to reproduce the differing conditions of each
data taking period and weighted to the fraction of integrated luminosity represented

by each data taking period.
7.3.1.1 Monte Carlo normalization

Monte Carlo samples were normalized to match expected yields in data using their
effective cross section and the amount of integrated luminosity being modeled. The

normalization factor is given by

ndata 7. O.;ﬂectlve

_ '
fP - ,MC T MC ’
Ny Ny

(7.1)

where the index p refers to the process being modeled by the Monte Carlo sample

data
p

is the number of events for the process expected in data, nMC is

in question, n >

the number of Monte Carlo events generated for the process, .Z is the integrated

luminosity of the data, and geffective

b is the effective cross section for the process in

question.
In the fake factor method, described in Section 7.3.3, the normalization of the top
component not coming from jet — 7, fakes was allowed to float freely in the final fit

as a nuisance parameter.

7.3.2 7 — 77 embedding

In the H — 77, analysis, the irreducible Z — 77 background is estimated using a
hybrid data and Monte Carlo technique known as “embedding.” This technique offers
a data-driven approach to estimating this background, in spite of the fact that a

pure and high-statistics Z — 77 sample cannot be readily obtained from data (both
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because of the difficulties associated with 7 identification and the potential overlap
with the H — 77 signal).

The technique begins by selecting a high-purity Z — up sample from data. Z — uu
and Z — 77 events have identical event topologies and kinematics, except for the dif-
ferent masses and decays of the muons and 7 leptons. The small coupling of the Higgs
boson to muons also means there will be little signal contamination in the sample.

The selection criteria for the Z — pp sample include:

Various criteria on the number of hits within the Inner Detector;

I¥ (0.4) < 0.2 for each muon;

1m,| < 2.5 for each muon;

P > 15 GeV for 7 TeV data, 20 GeV for 8 TeV data;

Pt > 15 GeV for 7 TeV and 8 TeV data;

Muons have a common primary vertex;

e Muons are oppositely charged; and

my, > 40 GeV.

In the event that more than one muon pair is identified per event, the pair with an
invariant mass closest to the Z boson mass is used.

After the Z — up events are identified, the muons are “subtracted” by removing
muon tracks and any corresponding energy deposits in the calorimeters. A TAUOLA-
simulated 7 decay is then used to replace the muon, with the kinematics of the 7 set

to be identical to the muon.
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Figure 7.6: The mMMC distribution in the Z — 77 embedding normalization control
region for the (a) electron and (b) muon channels after application of the embedding
normalization factors with 20.3 fb™! of 8 TeV data.

7 TeV 8 TeV
T = eUrle T —> VUV, T —> €UrlUe T — WVl
1.02 0.70 0.62 0.53

Table 7.1: Embedding normalization factors in the H — 7373, analysis.

7.3.2.1 7 — 77 embedding normalization

The resulting Z — 77 embedding sample must be normalized to data. For modeling
checks, this normalization is computed in a special control region defined relative to
preselection by requiring 40 GeV < mY® < 70 GeV. The mMM€ distributions in this
control region for electron and muon channels with normalization factors applied for
8 TeV samples are shown in Figure 7.6.

The normalization factors derived for the Z — 77 embedding background depend
on the collision energy and type of lepton from the 7; decay and are given in Table 7.1.

For the final fit, the normalization of the Z — 77 background was allowed to float

freely as a nuisance parameter.
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7.3.3 Fake factor method

In the H — 7y, and ZyH — 77, analyses, the “fake factor” method was used as
the primary estimate of the fake jet — 7, background resulting from QCD multijet,
W + jets, Z — Ul (jet — 73,), and top (jet — 73,) processes. The fake factor method
is useful in cases where extrapolation from a control region is not possible due to
unreliable statistics. This is particularly relevant for the low-statistics signal regions
of the main analyses, as well as the low-statistics VH analyses.

The fake factor method uses a selection of 7, candidates that pass all selection
criteria for a given region but fail 7, identification. These objects are referred to as
“anti-7;,” objects. The exact criteria for identifying these anti-7;, objects are somewhat

arbitrary, but there are two goals:
1. Maintain sufficient statistics for reliable extrapolation; and
2. Select objects with sufficiently similar kinematics to the target signal region.

The 75, identification BDT score provides a continuous selection criterion by which
anti-7, objects can be identified. Because the flavor composition (and consequently
the kinematics) of jets faking 73, objects is highly dependent on BDT score (see Fig-
ure 7.7), careful consideration must be made to meet both of these goals. In all three
of these analyses, the anti-7;, definition is taken to be those 7, candidates with a BD'T
score above 0.7 x the loose BDT score working point and below the medium BDT
score threshold.

The selected anti-7;, objects are then extrapolated into the signal region by means

of the eponymous fake factor:

SR _ SR,data SR,others
Nake-r, — (nanti-fh — Nanti-n, ) X FF? (72)
where
M dentified
S ontified.
R 7
nanti-‘rh
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Figure 7.7: Fraction of anti-7;, candidates originating from each parton type in
W + jets simulated events in the H — 77, 0-jet control region [104].

The niifgers component accounts for real 7, objects accidentally that fail iden-
tification. It also includes | — 7, fakes and other backgrounds, which are esti-
mated purely from Monte Carlo or embedding. These backgrounds include Z — 77,
Z — 1l (I - 1), top (non-jet — 73,), diboson, and triboson. Events may also con-
tribute more than one anti-7;, candidate, in which case each anti-7, candidate is con-
sidered in a separate anti-7;, event. The control regions used for fake factor derivation
are chosen to disallow any contribution of signal processes to NG iged.r, -

The value of the fake factor is dependent on the pr of the anti-7;, object, the
number of prongs in the anti-7,, and the region in which the method is being applied.
In the VH analyses, the fake factor is also a function of 7,,. Furthermore, the value of
the fake factor depends on the process generating the anti-7;, object, and thus the fake
factor must be computed as a weighted average of process-specific fake factors in order
to maintain the proper ratio of quark and gluon contributions and event kinematics
in the anti-7;, sample. In the VH analyses, anti-7, events are largely dominated
by Z — Il (jet — 7,) processes, so it is not necessary to calculate a “combined” fake

factor. However, in the H — 7375, analysis, several processes contribute non-negligible

numbers of anti-7;, events, necessitating a combined fake factor.
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The combined fake factor is given by
FF (pr, Nprong, region) = Z Ry, - FFy(pr, Nprong, region), (7.4)
bebackgrounds

where Ry, is the fraction of anti-7;, events contributed by the background b and FF,
is the fake factor specific to that background. R, is calculated using Monte Carlo
estimates for the anti-7;, contribution of Z — Il (jet — 7,) and top (jet — 73,) pro-
cesses. For W + jets, this fraction is estimated using a data-driven technique involving
the anti-7;, W + jets control region and a Monte Carlo-based extrapolation from the

anti-1, W + jets control region to the anti-73 signal region:

SR, W +jets
o anti-7p,
Rw fjets = SR, W +jets SR,QCD” (7’5)
anti-7p, + nanti-fh
SR, W +jets - .
where n i " s estimated by
SR, W +jets MC
SR,W+jets _  WCR,data nanti—Th (7 6)
Nanti-ry, — "“anti-7y, WCR,W +jets MC? ’
nanti—ﬂ-h
SR,QCD - .
and n,, ;<" is estimated by
SR,QCD _ SR,data SR,W+jets SR,others
anti-t,, — '‘anti-1;, ( anti-Ty, + M anti-ry, ) (77)

Here “others” refers to the contribution of Z — Il (jet — 7,,) and top (jet — 73,). The

value of Rgep is taken to make the ratios sum to unity:

RQCD =1- RW+jets - Rtop (jet—Tr) — RZ~>ll (jet—Tp) - (78)

Ry, factors for the H — 7,75, analysis are given in Table 7.2.

The background-specific fake factors, FFy, are computed using the process-specific
control regions defined relative to the signal region being modeled. Fake factors for
each of the three analyses are shown in Figures 7.8 and 7.9.

One additional correction was necessary for accurate computation of ERS us-

ing the fake factor method. Because anti-7;, objects fail 7, identification, they are
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7 TeV 8 TeV
Boosted VBF Boosted VBF

Ry +iets 0.75 060 062 046
Rocn 0.13 024 026 040
Ry Getsmyy 006 013 005  0.11
Riop (et sm)  0.06 003 0.07  0.03

Table 7.2: Fraction of anti-7, candidates from processes contributing to the fake 7,
background in the H — 77, signal regions [104].

treated as jets when calculating E&5. This leads to disagreement with data due to
inconsistent calibration and treatment of fake 7, objects in the EM® computation.
Consequently, the ER for anti-7;, objects in the 8 TeV analyses was recomputed us-
ing the 75, treatment. Due to technical constraints, an alternative approach was used
in the 7 TeV H — 7,7, analysis, where events were instead reweighted as a function

of the projection of E¥* along the direction of p7* normalized by p:

miss

Y;h COS(¢7—h - ¢E¥iss) . (79)
br

7.3.4 OS — SS method

An alternative data-driven technique for estimating the QCD multijet background
contribution was used in some regions of the H — 7;7, analysis, in particular the
preselection and the embedding normalization regions. This provided not only an
important cross-check of the fake factor method, but also a more stringent test of
Monte Carlo modeling. It also allowed bootstrapping of the normalization factor
calculations necessary for the fake factor method.

The technique, known as the “OS — SS” method, uses an extrapolation from the
same-sign (SS) variation of the signal region to the standard opposite-sign (OS) sig-
nal region. No signal events will enter the same-sign region, but it will be rich in
QCD multijet events that exhibit little or no charge correlation between the 7 decay
products. It will also contain some contribution from processes where a real lepton is

produced in association with a jet — 75, fake. In general, the less charge correlation
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Figure 7.8: Fake factors, as a function of anti-7, pr, for (a) one-prong and (b) three-
prong anti-73, objects in the VBF signal region and (c) one-prong and (d) three-prong
anti-7j, objects in the boosted signal region [104].

between 7 decay products for a given background, the larger the component of that
background estimated by the same-sign component will be. Any same-sign contribu-
tion from a process other than the QCD multijet background is subtracted from the
corresponding opposite-sign Monte Carlo or embedding estimate — hence the name
“opposite-sign minus same-sign.”

The extrapolation factor between the same-sign region and the opposite-sign re-
gion, rqcp, is necessary to account for differences in flavor composition leading to
differing charge correlation and jet — 7, fake rates. For example, no charge corre-

lation would be expected for gg events, but significant charge correlation would be
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Figure 7.9: Fake factors, as a function of anti-7, pr and 7, for (a) one-prong and
(b) three-prong anti-7;, objects in the ZH analyses.

7 TeV 8 TeV
T = eUrle T —> VUV, T —> €UrlUe T — [Vl
1.0 1.2 1.0 1.1

Table 7.3: Values of rqcp in the H — 773, analysis.

expected for gq events. The differing 73, identification probability of gluon-initiated
jets and quark-initiated jets also leads to some imbalance. The value of rqcp is mea-
sured in a dedicated QCD control region and depends on the collision energy and the

type of lepton from the 7; decay:

D
1 QCDCR

TQCp = —ngéDCR. (7.10)

ss
Values of rqcp are given in Table 7.3.

The key assumption of the OS — SS method is that the shape of the QCD multijet
background distributions will be the same between the same-sign region and the
opposite-sign region. Additionally, it is assumed that the extrapolation factor between
the same-sign and opposite-sign regions is the same between the QCD control region
in which it is measured and the signal region in which it is applied.

Once rqcp is measured, the complete background model can be estimated by

data b
nos = TQeD " Ngg T Z nOs-ss: (7.11)
bebackgrounds
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where

b b b b b
Nos—ss = kos - Nos — Tep - kss - ngs- (7.12)

The k-factors in Equation 7.12 are applied to some Monte Carlo and embedded
samples to adjust for incorrectly modeled event rates and 7, fake rates. These k-
factors are sign-dependent due to differences in the flavor composition of the opposite-
sign and same-sign regions. Their values also depend on the collision energy and
type of lepton resulting from the 7, decay. In the case of W + jets, they are also
region-dependent. The k-factors are derived in their respective process-specific con-
trol regions by normalizing Monte Carlo yields to data. For W + jets, k-factors for a
given selection must be derived in the W + jets control region defined relative to that
selection. All other k-factors are derived in control regions defined relative to preselec-
tion. k-factors are derived first for W + jets, then top, and finally Z — Il (jet — 73,).
This order allows W + jets to be modeled accurately in the top control region. For
Z — ll (jet — 13,), no difference in event count is expected between the opposite-sign

. . Z—l (jet— Z—ll (jet—
and same-sign regions, and hence kggq Uet=7) and kg (Jet=n)

are the same. For
all other backgrounds, the Monte Carlo or embedding modeling are assumed to be
accurate, and the k-factors are set to unity (in the case of Z — 77, the normalization
is already determined by factors applied to the embedding samples, as described in

Section 7.3.2.1). The values of the k-factors used in the OS — SS method for the

7 TeV and 8 TeV BDT-based analyses are presented in Table 7.4.
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7 TeV 8 TeV

Background Region T —eUVUe T — VU, T —eV;Ug T — UV,
kos kss kos kss kos kss kos kss
Z =TT All 1.0
Preselection 0.61 0.89 0.59 0.74 0.85 1.02 0.80 0.94
W + jets Z —77 CR 061 089 0.59 074 0.85 1.02 0.80 0.94
Top CR 0.69 0.89 066 0.79 095 1.13 0.91 0.99
Z =l All 0.63 0.83
(jet — )
Z — 1l All 1.0
Top All 205 3.70 1.87 0.73 090 1.18 0.84 0.99
Diboson All 1.0

Table 7.4: k-factors for OS — SS background estimation in the H — 7,75, analysis.
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Chapter 8

Systematic uncertainties

A variety of experimental, theoretical, and modeling uncertainties are considered
in the H — 77 analyses. These uncertainties enter into the final result as nuisance
parameters in the fit model. This chapter provides an overview of the most significant

systematic uncertainties affecting the H — 77, and Z; H — 773, analyses.

8.1 Experimental uncertainties

Most experimental uncertainties that affect the shapes and normalizations of distri-
butions used in the H — 77 analyses are due to the calibration and finite resolution
of energy scales in the ATLAS detector. Uncertainties arising in luminosity and tag-
and-probe efficiency measurements also create normalization uncertainties for some

Monte Carlo backgrounds.

8.1.1 Luminosity measurement

The uncertainty on the integrated luminosity is due to a variety of uncertainties in
the van der Meer scans described in Section 3.2.6. These include uncertainties on
beam alignment, beam vibration, beam stability, bunch consistency and population,
modeling, reference luminosity and length calibrations, beam-beam interactions, and
dependence on the average number interactions per event [40]. The luminosity uncer-

tainty affects only the normalization of those Monte Carlo backgrounds that are not
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normalized to data. Its value is determined to be +1.8% for 7 TeV data and +2.8%

for 8 TeV data.

8.1.2 Lepton energy and momentum resolution

Uncertainties on electron energy and muon momentum and their corresponding res-
olutions result from the in situ calibration techniques using Z — Il and J/¢ — Il
events. These corrections are generally on the order of 1% [41, 47|. They are prop-
agated to the analyses by varying and smearing the electron energy and muon mo-

mentum.

8.1.3 Lepton efficiency measurements

The uncertainties that arise in tag-and-probe studies used to measure the efficiencies
of lepton triggers, reconstruction, identification, and isolation are propagated to these
analyses by varying the corresponding scale factors accordingly. The uncertainties in
these tag-and-probe studies are described in their corresponding documentation listed
in Sections 4.1 and 4.2. They are due to, among other things, the choice of selection
used to define the tag object as well as uncertainties on background estimation in
the tag-and-probe sample used for the measurement. These uncertainties lead to

normalization effects of < 2%.

8.1.4 Jet energy scale and resolution

Multiple uncertainties arise in the energy calibration of jets, including uncertainties
on the in situ energy calibration, intercalibration across 7 bins, pile-up, as well as
uncertainties on jet flavor composition and the varying response of the detector to
different jet flavors [48]. Determination of the jet energy resolution is performed via
two different in situ methods, with uncertainties arising from experimental selections

and Monte Carlo modeling [105]. Uncertainties were accounted for by varying and
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smearing jet energy. The combined effects of these uncertainties lead to normaliza-

MMC

tion effects of < 10%, as well as shape changing effects in BDT score and m."

distributions.

8.1.5 b-tagging efficiency

Scale factors due to the differing performance of b-tagging algorithms for data and
Monte Carlo are derived using dileptonic top pair events [56]. A variety of uncertain-
ties in the b-tagging efficiency measurements due to modeling, pile-up, jets, leptons,

and EXs lead to normalization variations of < 1% in the H — 7,7, analysis.

8.1.6 Hadronic 7 energy scale and momentum resolution

The uncertainty on the energy scale and resolution of 7, decays was estimated using
two separate methods, both described in [58]. The first method, referred to as the
“deconvolution method,” works by propagating the uncertainties associated with each
of the 7, decay products to the final 7, energy scale. The second method is an in
situ technique based on reconstruction of the visible mass peak in Z — 7,7, decays.
Both of these methods give consistent results, with uncertainties on the 7, energy
scale ranging from 2-4% depending on the number of tracks associated with the
7, decay. The momentum resolution for reconstructed 7, candidates is calculated
as the standard deviation of a Gaussian fit to the distribution of ‘T%, with its

corresponding uncertainty determined by smearing the energy of p’“¢ and altering the
75, showering model. These uncertainties were accounted for by varying and smearing
7, energy. The combined effects of these uncertainties lead to normalization effects

of < 3% as well as shape changing effects in BDT score and mMMC distributions.

8.1.7 Hadronic 7 identification

The dominant uncertainties on the Z — 77 tag-and-probe methods used to measure

T, trigger, reconstruction, and identification scale factors are described in [58]. These
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include uncertainties on the background estimation used to isolate the Z — 77 sam-
ple, the 75, energy scale and shower model, the underlying event, and the statistics of
the samples used. The uncertainties on the scale factors for 7, identification are 2.5%

for one-prong 73, objects and 4% for three-prong 7, objects.

8.1.8 pmiss

The uncertainty on E* is due primarily to the individual uncertainties on the energy
scales of the EI'* components, specifically electrons, hadronically decaying 7 leptons,
and jets. These uncertainties are propagated through the computation of ER de-

scribed in Section 4.5.

8.2 Signal theoretical uncertainties

A number of theoretical uncertainties affect the shapes and normalizations of signal
distributions in the H — 77 analyses. These are due to the limited order at which
Higgs production cross sections can be calculated, as well as assumptions made when

generating the Higgs signal samples.

8.2.1 Higher-order QCD corrections

Uncertainties on the cross sections of ggF', VBF, and VH Higgs boson production
were estimated to account for higher-order QCD contributions. In all cases, the
uncertainty was estimated by varying the renormalization and factorization scales of
Monte Carlo generators by a factor of 2 around the nominal value of my = 125 GeV.
The effect on the cross section was estimated within each signal region by applying
approximations of the signal region cuts to generator-level quantities. For the VBF
and VH processes, this was accomplished using the VBFQNLO [106] and HAWK [107]
Monte Carlo generators, respectively. The effects for VBF and VH production are

small, on the order of 2-4%. Corrections to the ggF cross section are more substantial,
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with next-to-leading-order (NLO) effects increasing the cross section by ~ 100% and
next-to-next-to-leading-order (NNLO) effects further increasing the cross section by
~ 25% [108]. Due to their size, a more complex technique was used to assess the
uncertainties of ggF QCD corrections and correlations across different signal regions

in the main analyses.
8.2.1.1 Jet-binned ggF QCD scale uncertainties

The VBF and boosted signal regions of the main analyses impose mutually exclusive
selections on the number of jets present in an event, thereby partitioning events into
bins of exclusive jet multiplicity. These selections are imposed by cuts on kinematic
variables, typically the pr of jets identified in an event.! These cuts impose anticor-
relations between the uncertainties of neighboring jet bins due to migration of events
between bins. More importantly, however, these cuts also introduce cancellations in
the perturbative expansions of exclusive jet bin cross sections. Such cancellations can
mask the effects of scale variation on exclusive jet bin cross sections, leading to an
underestimation of QCD scale uncertainty.

An example of these cancellations, given in [109], is that of the exclusive 0-jet
cross section. This cross section can be expressed as the difference between the total

inclusive cross section and the inclusive 1-jet cross section:

cut )

oo(p = Ototal — Uzl(pcut) (8.1)

Here p represents the kinematic variable used to discriminate jet bins, with separation

t

made at the value p®*'. The application of this cut introduces logarithmic terms,

L =1In(p™*/mpy), in the perturbative expansion of o> (p™*):?

o51(p™) = op [ag(L* + L+ 1)+ aZ(L* + L + L* + L+ 1) + 0(a2L%], (8.2)

!The jet requirement in the boosted signal region is actually implicit, a result of the pX > 100 GeV
requirement, which effectively necessitates a jet to enforce pr balance.

2For values of p®* < m, these logarithmic terms can be large enough to overcome o, suppression
and dominate the expansion, although this is not problematic for present experimental values.
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Figure 8.1: The cross section and associated uncertainties for gg — H + 0 jets at
NLO and NNLO, with uncertainties calculated via (a) direct exclusive jet bin scale
variation and (b) combined inclusive scale variation [110].

where op is the tree-level cross section. When evaluating o, via Equation 8.1, these

logarithmic terms can provide partial or complete cancellation with the terms in oogar:

oo(p™) ~ op{ [1 +as+a’+ O(ag)]
(8.3)
—[as(L*+ L+ 1)+ a2(L*+ L+ L* + L+ 1) + 0(a2L%)]}.
These cancellations mask the true uncertainties on the cross section oy when com-
puted by direct exclusive jet bin scale variation. This can be seen in Figure 8.1a,

t exhibit a “pinching” effect, becoming

where uncertainties on oy as a function of p™
completely attenuated at points between 10 GeV and 30 GeV.

Special consideration must be given to correctly assess uncertainties and their
anticorrelations for exclusive jet bin cross sections in order to avoid underestimation
due to cancellations. The technique used to compute these uncertainties in the main
analyses, known as the “Stewart-Tackmann method,” is described in [109]. Instead of
using direct exclusive scale variation, it computes uncertainties on the exclusive jet

bin cross section, 0,, using the uncertainties on inclusive jet bin cross sections, o>,

and 0>,4+1. The method begins by using the relation

Op = 0>p — O>p+1- (84)
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The key approximation of the method is to assume that uncertainties on o, are

uncorrelated for different n:?
Aoy = Ao, + Aot . (8.5)

The effects of this technique can be seen in Figure 8.1b, where the size of uncertainties
on oy do not depend on p™*.
In the main analyses, calculation begins by defining the cross section of events in

the boosted category as

Oboosted — O-p¥>100 GeV — O-p¥>100 GeV&&VBF) (86)

where o190 gev corresponds to those events that pass the boosted signal region
selection regardless of the VBF veto and 01109 ceveever corresponds to those events
that pass both VBF and boosted selections. Using the Stewart-Tackmann method,

the uncertainty for opgesteq Can be expressed as

2 A2 2
Alhoosted = AUp? >100 Gev T A0p¥ >100 GeV&&VBF* (8.7)

Two nuisance parameters are then defined to encode the perturbative ggF uncer-
tainties (and their correlations) for the VBF and boosted signal regions. The first,
QCDScale_ggH1lin, applies to ggF events in the boosted signal region. It encodes
the uncertainty associated with the cross section on the inclusive 1-jet cross section,
Opis100 Gev- Lhe second, QCDScale_ggH2in, applies to ggF events in both the VBF
and boosted signal regions. It encodes the uncertainty associated with the inclusive
2-jet cross section, while enforcing the anti-correlation of uncertainties between the
VBF and boosted signal regions. In the case of the main cut-based analyses, where a
veto is applied on tertiary jets, an additional nuisance parameter, QCDScale_ggH3in,
is defined by the same method to take into account migrations between the 2-jet and

>3-jet regions.

3This assumption can lead to overestimation of the uncertainty on o, but it will not lead to an
underestimation due to cancellations.
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Cross section

Energy Region x branching ratio Fractional uncertainty
x acceptance (pb)

0ol o100 Gev 38.99 27.0%
7TV 01100 GevesvBE 2.14 68.7%
VBF 9.52 23.9%
0ot 100 Gev 54.50 26.3%
8 TeV  o,1.100 GevectrveF 3.30 67.6%
VBF 14.02 24.0%

Table 8.1: Cross sections and fractional uncertainties for ggF' production of 125 GeV
Higgs bosons in 7 TeV and 8 TeV proton-proton collisions calculated via renormaliza-
tion and factorization scale variation using MCFM 6.8 with dynamic scale calculation
for various Njes regions of the H — 77, analysis.

Computation of the relevant cross sections were performed using MCFM 6.8 [111]
with dynamic scale calculations enabled. To maintain the same order in ay, the
leading-order H + 2 jets process was used in combination with the NLO H + 1 jet
process in the calculation of opeestea (Equation 8.6). ggF cross sections and uncertain-
ties, which enter into the calculation of these nuisance parameters for the H — 77,

analysis, are shown in Table 8.1.
8.2.1.2 VBEF signal region p! dependence

In the main analyses, where separate BDTs are trained to classify events in the
boosted and VBF categories, migration of ggF events from one region to another
may affect the shape of the BDT output score distribution. This is an important
consideration in the VBF region, where several jet-related variables are used as input
to the BDT. The effects of this shape uncertainty are accounted for by reweighting
events up and down by the scale uncertainties on ggF production as a function of
A¢pjj;, the difference in ¢ between the Higgs and dijet systems, which acts as a

metric to constrain Njes.

145



8.2.2 Higher-order electroweak corrections

To account for contributions from NLO electroweak processes, the VBF and VH
samples were both reweighted using corrections factors calculated as a function of pi.
These factors were calculated as the difference between the truth-level pf spectrum

of POWHEG+PYTHIA and PYTHIA samples and samples generated by HAWK.

8.2.3 Underlying event

Uncertainties related to the modeling of the underlying event and subsequent parton
shower in the main analyses were estimated by comparing acceptance of

POWHEG+PYTHIA and POWHEG+HERWIG samples for ggF and VBF Higgs
production. The resulting normalization uncertainties were 11.2% for the H — 773,

analysis.

8.2.4 Parton distribution functions

To assess the effects of different parton distribution functions on acceptance of signal
events, samples were reweighted at reconstruction level to compare the differences
between the nominal values of CT10, MSTW2008NLO [112|, and NNPDF [113], as
well as the systematic variations of the CT10 distributions. In addition to shape
effects on the BDT output score, normalization effects on the order of 3-5% were

observed.

8.2.5 H — 77 branching ratio

The uncertainty on the branching ratio of Higgs bosons to pairs of 7 leptons were
taken from the LHC Higgs cross section working group [35]. They are mass-dependent,

ranging from 3-7%.

146



8.3 Background modeling uncertainties

Aside from the normalization of the Z — 77 and top backgrounds, which were left to
float in the final fit, several other background modeling nuisance parameters entered
the fit model. These include shape systematics associated with the Z — 77 embed-

ding method and normalization systematics associated with the fake factor method.

8.3.1 Theoretical uncertainties

Additional QCD scale and PDF uncertainties were also accounted for in those back-
ground Monte Carlo samples that were not normalized to data, specifically diboson

and Z — [l. These uncertainties range from 1-5%.

8.3.2 Z — 77 embedding

Two separate shape uncertainties were considered for the Z — 77 embedding proce-
dure: the effect of muon track isolation in the Z — upu sample and the subtraction of
energy deposits in calorimeter cells.

To estimate the effect of the muon track isolation requirement used in selection
of the Z — up sample, two additional Z — 77 embedding variations were generated.
One of these variations removed the muon track isolation requirement while the other
used tighter isolation requirements: I/ (0.4) < 0.06 and /7, (0.2) < 0.04.

To estimate the uncertainty of calorimeter cell subtraction, two other Z — 77
embedding variations were generated with subtraction scaled up and down. The

scaling factor used was 0.3 for the 7 TeV analysis and 0.2 for the 8 TeV analysis.

8.3.3 Fake factor method

In the H — 7,7, and VH analyses, there are generally two components that enter into

the uncertainty for the fake factor method:

e The statistical uncertainty of the samples used to compute the fake factors; and
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Figure 8.2: p7* distributions in the same-sign control region of the Z;H — 7,7, anal-
ysis with 20.3 fb~! of 8 TeV data.

e The systematic uncertainty on the method itself.

The former is evaluated in all cases by varying the fake factor values within their
statistical uncertainty. The latter generally requires consideration of the specific
implementation.

In the H — 77, analysis, where the fake factor is computed as the combination
of multiple process-specific fake factors, the uncertainty is evaluated by varying the
individual R, up and down by a factor of 2.

In the ZH analyses, where fakes are dominated almost uniquely by contributions
from Z — Il (jet — 75,) events, an alternative approach is used. In this case, the
disagreement with data seen in the fake-dominated same-sign control region, shown
in Figure 8.2, is taken as the uncertainty. The disagreement is calculated as a function
of leading 7, pr in bins of p7* corresponding to the binning of the fake factors. High-
p7* bins above 30 GeV were merged to mitigate large statistical uncertainties due to

low bin content.
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Additional closure checks using Monte Carlo were made and showed no significant
disagreement, except in the 7 TeV H — 7,7, analysis, where a 10% uncertainty on

fake backgrounds is assigned in the boosted signal region.
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Chapter 9

Results

This chapter presents the results of the statistical tests described in Chapter 6 for
the H — 7y7, and ZyH — 7,75, analyses. Full combination results of the H — 77,

analysis with the H — 7,7, and H — 7;7; analyses are also shown.

9.1 H — 7y,

The unblinded BDT score distributions for the signal regions of the H — 7,75, analysis
are shown in Figure 9.1. These distributions, shown using the best-fit values of
background and signal normalizations, display an excess of events with respect to the
background-only hypothesis in high BDT score bins, where the majority of the signal
contribution is expected.

The 95% confidence limit for exclusion of a H — 77, signal, as a function of hy-
pothetical Higgs boson mass, is shown in Figure 9.2a. The observed limits indicated
a ~ 20 upward deviation from the expected limit across the mass range under con-
sideration, with an observed (expected) limit of 1.85 (0.89) x the expected Standard
Model cross section for mg = 125 GeV.

The expected and observed significance of deviations from the background-only
hypothesis as a function of my in the H — 7,7, analysis are shown in Figure 9.2b.
For my = 125 GeV, a 2.30 (2.40) deviation from the background-only hypothesis is

observed (expected).
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Figure 9.1: The unblinded BDT score distribution in the (a) VBF and (b) boosted
signal regions of the H — 773, analysis with 20.3 fb~! of 8 TeV data [76]. Background
distributions are shown using their best-fit values, while signal distributions are shown
using both nominal and best-fit values. BDT score bins in the combined fit are
non-uniform, but are resized in these distributions so that their widths are evenly
distributed along the BDT score axis.

The most likely values of the signal strength parameter, u, as a function of my,

are shown in Figure 9.2c, with a best-fit value of u = 0.98705 for my = 125 GeV.

9.2 Main analyses combination

The combination of the H — 7,7,, H — 7;7,, and H — 7;7; analyses formed the final
results of the H — 77 analysis effort. The main analyses observed (expected) a
deviation from the background-only hypothesis at a significance of 4.50 (3.40). A
breakdown of the expected and observed signal significance for each signal region
and analysis channel is given in Table 9.1. The most likely value of u was found
to be 1.43703% for a hypothetical Higgs boson mass of my = 125 GeV. The two-
dimensional likelihood contours for signal strength in the (ugip, #{/sp,yn) plane are
shown in Figure 9.3.

A visualization of the combined analysis results is given in Figure 9.4. This vi-
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Figure 9.2: The results of the H — 7;7;, analysis with 4.5 fb~! of 7 TeV data and
20.3 fb~! of 8 TeV data as a function of hypothetical Higgs boson mass. Figure (a)
shows expected and observed limits on H — 7;73, signal strength at the 95% confidence
level using the CL; method. Figure (b) shows expected and observed significance of
deviations from the background-only hypothesis. Figure (c¢) shows the best-fit value
of the signal strength parameter u given the observed data.

sualization shows events plotted as a function of the signal-to-background ratio in
their BDT score bin. Data are shown against signal and background distributions
calculated by fixing the signal strength parameter to various values.

The cut-based variants of the H — 7,7,, H — 77, and H — 7;7; analyses were
also combined as a cross check of the MVA combination. Although less sensitive than
the MVA, the cut-based analyses still observed (expected) a 3.20 (2.50) deviation

from the background-only hypothesis for my = 125 GeV. The best-fit value of the
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Expected Observed

Channel  Category Significance (o) Significance (o)

VBF 1.70 2.23

H — 7,17,  Boosted 0.82 2.56
Total 1.99 3.25

VBF 2.11 2.23

H — 7, Boosted 1.11 1.01
Total 2.33 2.33

VBF 1.15 1.88

H— Boosted 0.57 1.72
Total 1.25 2.40

Combined 3.43 4.54

Table 9.1: The expected and observed significances of a H — 77 signal in each of the
main analysis channels and signal regions in the combined fit with 4.5 fb~! of 7 TeV
data and 20.3 fb~! of 8 TeV data, adapted from [76].

signal strength parameter in the cut-based analyses was found to be p = 1.43%5730

for my = 125 GeV, in agreement with the MVA combination. A visualization of the

MMC

m. "~ distribution in the combined cut-based analyses is shown in Figure 9.5.

9.3 ZHH — TITh

The 95% confidence limit for exclusion of a Z;H — 773, signal, as a function of
hypothetical Higgs boson mass, is shown in Figure 9.6a. The observed limits do
not indicate any significant deviation from the expected limits across the mass range
under consideration. For my = 125 GeV, a limit on signal strength of 9.14 (8.08) x
the expected Standard Model cross section is observed (expected).

The expected and observed significance of deviations from the background-only
hypothesis as a function of my in the Z; H — 7,7, analysis are shown in Figure 9.6b.
For my = 125 GeV, a 0.30 (0.30) deviation from the background-only hypothesis is

observed (expected).
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Chapter 10

Conclusion

The results of the H — 77 analyses presented herein have provided strong evidence
for the coupling of the newly discovered Higgs boson to 7 leptons. While still shy
of the 5o threshold generally regarded as proof of a signal, circumstantial evidence
would suggest that the significance of this observation will only grow as more data
becomes available. The strength of this signal is also in agreement with the value
predicted by the Standard Model. Run II of the LHC will provided an important
opportunity to expand these measurements to a larger dataset and improve upon
sensitivity in the H — 77 channel.

In addition, the Z;; H — 773, analysis provides some hope that the larger statistics
of Run II will provide indication of a VH signal. The fake-dominated nature of this
analysis will be an important consideration for Run II, where higher instantaneous
luminosity will make 7, identification even more challenging.

Moving forward, these analyses will ideally expand their range of measurements
to include the mass and spin of the Higgs boson, hopefully indicating agreement with
results seen in other Higgs decay channels. With a significantly larger dataset, the
VH analyses may also provide a secondary probe of HWW and HZZ couplings.

Perhaps the largest challenge awaiting future analyses at the LHC is the computa-
tional challenge associated with recording and processing the unprecedented amount

of data that will be generated. Serious consideration must be given to software tech-
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nologies developed outside the sphere of high energy physics. Adaptation, painful as
it may be for current analysts, will be essential for the scalability of future analyses.

Nevertheless, Run I of the LHC and the ATLAS experiment provided clear con-
firmation of an essential and fundamental physical process. With access to higher
collision energies in Run II, one might hope not for further confirmation, but rather
the indication of new physics through disagreement with Standard Model expecta-

tions.
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Appendix A

BDT input variables

This appendix contains plots of BDT input variables for the signal regions of the
H — 77, analysis. VBF signal region plots are shown in Figures A.1 and A.2.

Boosted signal region plots are shown in Figure A.3.
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Figure A.1: Various BDT input distributions in the H — 77, VBF signal region
with 20.3 fb~! of 8 TeV data. These plots are constructed using pre-fit background
estimation.
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