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Introduction

What would have happened if all known elementary particles in the Universe were massless?
No atoms would have formed, no planets would have developed and no life would have
evolved. But why do some particles have mass (like the Z boson) and some don’t (like
the photon)? How do the massive elementary particles gain their mass? Tackling these
fundamental questions has been a major goal of particle physics for more than the last 50
years. Enormous effort from scientists and laboratories all over the world have been devoted
to find solutions for these mass-related questions in the context of different physics models.
The Standard Model (SM) of particle physics is a mathematical model that codifies
nearly all the properties and interactions of the fundamental constituents of visible matter
in the Universe. Indeed, it is the most successful physics model in describing the results
of myriads of accelerator experiments. The predictions of the Standard Model have been
crowned with series of historical successes including the discoveries of neutral currents,
the charm, bottom and top quarks, and the W+ and Z° bosons. In order to answer the
mass questions, an intriguing solution called the Higgs mechanism was incorporated and
developed in the SM to originate the masses of W+ and Z° gauge bosons through the process
of spontaneous symmetry breaking. Based on the Higgs mechanism, the Standard Model
further predicts the existence of a neutral scalar particle, the Higgs boson, and explains the
origin of fundamental fermion masses through the interaction between fermion fields and
the Higgs field. The Standard Model requires the Higgs boson be the unique source of mass
for all quarks, charged leptons, and vector gauge bosons, and it implies that the couplings
of the Higgs boson to those fundamental massive particles are precisely in the ratio of their
masses. However, the mass of the SM Higgs boson itself remains an unknown parameter.
The Higgs mechanism in the Standard Model insists that the SM Higgs boson is the
only physical manifestation of the origin of mass, therefore, the key to confirming the
Higgs mechanism is verifying the existence of the SM Higgs boson. Indirect and direct
searches for the SM Higgs boson over last three decades provide stringent constraints on
its mass. Based on requirements of consistency in the SM framework, precision electroweak
data indirectly constrain the allowed mass of a SM Higgs boson to My < 152 GeV [1]
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at the 95% confidence level (C.L.). Direct searches for the production of a SM Higgs
boson at the ALEPH, DELPHI, L3, and OPAL experiments at the LEP eTe™ collider [2],
the CDF and DO experiments at the Tevatron pp collider [3, 4], and the ATLAS [5] and
CMS [6] experiments at the LHC pp collider limit the mass of the SM Higgs boson to
122 GeV < My < 127 GeV at 95% C.L.

The ATLAS and CMS Collaborations have recently discovered a Higgs boson with a mass
of ~126 GeV [7, 8]. The CDF and DO Collaborations have reported combined evidence for
a particle, with a mass consistent with that of the Higgs boson observed at the pp collider,
produced in association with a W or Z boson and decaying to a bottom-antibottom quark
pair [9]. Most of the resolving power for the SM Higgs boson searches at the ATLAS and
CMS Collaborations comes from the bosonic final states where the Higgs boson decays to
vy, ZZ, and WTW ™, while much of the signal sensitivity of the search for the SM Higgs
boson at the Tevatron in the low mass region near 126 GeV is due to the fermionic decay
mode H — bb. Therefore, the Tevatron results continue to provide information to help
unravel the nature of the discovered boson.

This dissertation presents searches for SM Higgs boson production in final states con-
taining leptons (where the leptons can be charged leptons ¢ or neutrinos v) and hadronic
jets (j) initiated by quarks. We utilize a data set corresponding to 9.7 fb=! of pp colli-
sions at the central-of-mass energy of /s = 1.96 TeV collected by the D@ experiment. The
searches are carried out in two independent analyses accounting for different signal topolo-
gies. The fvjj analysis comprises searches for three main signal processes, WH — {(vbb,
H—-WW — lvjj,and WH — WWW — flvjjjj, where the SM Higgs boson is produced
either in association with a W boson or through the gluon-gluon fusion process, and then
decays to either a bottom and anti-bottom quark bb pair or a vector boson W+ and W~
pair. The ZH — £¢bb analysis performs the search for the SM Higgs boson produced in
association with a Z boson and subsequently decaying to bottom and anti-bottom quark
pair. In addition to the interpretation in the context of the Standard Model, the searches in
the fvjj analysis are also interpreted in models containing a fourth generation of fermions,
and models with a fermiophobic Higgs boson. Results of the searches for the Higgs boson
in the ¢vjj and the ZH — (£bb analyses have been published in Refs. [10] and [11]. Search
results obtained from these two analyses are also combined with those from other channels
at the DO and CDF experiments and the combined results published in Refs. [12] and [13].

The dissertation is structured in ten chapters. Chapter 2 introduces the Standard Model
of particles physics, provides an overview of the physics of the Higgs sector in the SM
framework as well as in frameworks extended from the SM, and outlines the frjj and
Z H — 00bb analyses. Descriptions of the fundamental particles and interactions in the SM
framework and of the process of incorporating the Higgs mechanism in the SM to originate
the masses for the weak gauge bosons and fundamental fermions as well as to give a rise to
the Higgs boson are given in Sec. 2.1. Phenomenological studies and current theoretical and

experimental constraints on the mass of the Higgs boson in the SM, as well as in extended
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models containing fourth generation fermions or a fermiophobic Higgs boson, are presented
in Secs. 2.2 and 2.3. A brief introduction to the procedures employed in the frjj and
ZH — 0lbb analyses and a review of the main contributions to each analysis step from the
author of this thesis are given in the last section of Chapter 2 (Sec. 2.4).

To explore the particle world and seek evidence for the SM Higgs boson, we first have to
produce powerful particle collisions and build an intricate detector to observe the outcome
of the collisions with high precision. Chapter 3 briefly describes the process of producing pp
collisions at the Fermilab Tevatron Collider and outlines the characteristics and performance
of the D@ detector used to collect the data analyzed in this thesis. An overview of programs
used to translate data recorded by the detector into properties of physics events along with
techniques and algorithms used for reconstructing and identifying physics objects from pp
collision events are described in Chapter 4.

Various SM processes can mimic the signatures of the targeted SM Higgs boson signals
and contribute to the background of the corresponding analysis. Chapter 5 discusses the
common methods of simulating signal and background processes based on the SM predic-
tion and estimating background compositions of the data. Chapter 6 describes the event
selections applied in each of the fvjj and ZH — ££bb analyses and discusses the orgnization
of selected events further into subchannels based on charged lepton flavor, jet multiplicity,
and the number and quality of candidate b quark jets in the final states to maximize the
sensitivity for each particular Higgs boson production and decay mode.

Despite the imposing of selection requirements significantly enhancing signal purity in
data, the search for the Higgs boson is still challenging due to the presence of prodigious
background at the Tevatron. To improve the power of differentiating signal and background
events mixed in a data sample, multivariate analysis (MVA) techniques are employed to in-
corporate signal-to-background discriminating information from individual event kinematic
variables into a single MVA discriminant. Details of optimizing the performance of the
MVAs in each analyses are described in Chapter 7. An overview of the most important sys-
tematic uncertainties arising from various sources, such as reconstruction of physics objects,
calibration of measured quantities and simulations, and their impact on the normalization
and shape of the MVA discriminant are provided in Chapter 8.

The MVA discriminant distributions, together with the impact of associated uncertain-
ties in their construction, are used as inputs to a procedure of statistical calculations to
extract the upper limits on the Higgs boson production cross section multiplied by the
corresponding branching fraction. Chapter 9 describes the limit setting process and the
treatment of systematic uncertainties and presents our search results for the SM Higgs
boson as well as two interpretations beyond the SM.

Finally, concluding remarks on the completed analyses and the Higgs boson results
from our individual analyses as well as from the full Tevatron combination are presented in
Chapter 10. The dissertation is closed by a short discussion of new directions for physics

in the future years Anno Higgsi AH > 0.
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The Standard Model and Higgs
Physics

2.1 The Standard Model of Particle Physics

The Standard Model (SM) of particle physics is a well established gauge theory based on
principles of symmetry. It describes basically all fundamental particles and interactions that
we have been able to probe in the nature. Among the four known fundamental interactions,
only the gravitational interaction is not included in the framework of the SM, because
quantum gravity effects are very weak at technological accesible energy scale and therefore
we have no experimental input about quantum gravity. The strong, the weak and the

electromagnetic interactions in the SM model are determined by the gauge symmetry group:
SU3)-®SU(2);, ® U(1)y (2.1)

where C denotes the color charge, L implies that SU(2) acts on the left-handed fields, and
Y indicates the weak hypercharge which relates to the electric charge and the weak isospin.
The strong force corresponds to the SU(3)¢ group, while the electromagnetic and the weak
forces are unified in the SU(2);, ® U(1),  symmetry group.

The elementary particles in the Standard Model are classified into two groups, the
fermions with spin % and the gauge bosons with spin 1. While the elementary fermion
particles interact through the gauge fields and serve as the sources, the gauge bosons are
the quanta associated with the gauge fields mediating the interactions between fermions.
The gauge bosons mediating the electromagnetic and strong forces (photon and gluons)
are massless, but the weak force carriers (W* and Z° bosons) have masses of the order of
100 GeV.

The deep connections between symmetries and physics are mathematically encoded
in the structure of the Lagrangian of a physics system by demanding the Lagrangian to

be invariant under gauge transformations operating on the system. Inserting explicitly
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the mass terms for the gauge fields into the Lagrangian destroys the gauge invariance
and renders the theory meaningless. Therefore, an intriguing mechanism, called the Higgs
mechanism, was developed to originate the masses of W+ and Z° gauge bosons through the
process of spontaneous symmetry breaking. Based on the Higgs mechanism, the Standard
Model further predicts the existence of a neutral scalar particle, the Higgs boson, and
explains the origin of fermion masses through the interaction between fermion fields and
the Higgs field.

In the following sections, the fundamental particles and interactions will be described
first, and then the mechanism of originating the masses for the weak gauge bosons and the

elementary fermions within the Standard Model framework will be presented.

2.1.1 Elementary particles
Fermions

The elementary fermion particles in the Standard Model are separated into two groups,
quarks and leptons. The quarks are confined in compound systems (hadrons) by the strong
interaction. Leptons, on the other hand, do not participate in the strong interaction.

Six types of leptons have been observed and incorporated in the Standard Model: elec-
tron (e~), muon (u~), tau (77), electron neutrino (v,), muon neutrino (v,) and tau neutrino
(vr). Three charged leptons (e™, u~, 77 ) are massive and experience both weak and elec-
tromagnetic interactions. While the electron is stable, the other two charged leptons (muon
and tau) have finite lifetimes and decay via the weak interaction. The fact that neutrinos
participate exclusively in the weak interaction and do not decay makes experimental inves-
tigations of neutrinos very challenging. Due to the field content (there are no scalar triplets
or fields that are singlet under the gauge group Ngr(1,1)g) and the renormalizable require-
ment of the theory, the Standard Model implies that neutrinos are massless. However,
recent searches for neutrino flavor oscillations strongly indicate that neutrinos are massive.
Therefore, the Standard Model needs to be extended in this respect.

The Standard Model considers six different flavors of quarks: up (u), down (d), charm
(c), strange (s), top (t), and bottom (b). Each quark flavor has three quark color states
(red, green and blue) and carries fractional electric charge®. The up-type quarks, (u, c, t)
have electric charge of ¢ = % and the down-type quarks (d, s, b) carry electric charge of
q= —%. As charged leptons, quarks interact through the electromagnetic interaction and
the weak interaction. But by virtue of carrying the color charge, quarks also participate in
the strong interaction. For an isolated system, the strong and electromagnetic interactions
conserve the number of different flavors of quarks, but the weak interaction can change
quark flavor. Quarks are confined in bound states of hadrons and no isolated quark has

been observed in nature so far.

'Electric charge is in the units where the electron charge is ¢ = —1.
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Within the Standard Model, leptons and quarks are organized in three generations as in
Table 2.1. Each generation is a group of one charged lepton, a corresponding neutrino, one
up type quark and one down type quark. The only distinction between generations is the
difference in masses of particles. Each lepton or quark of a higher generation has greater
mass than that of the corresponding lepton or quark of the lower generation. Having the
same number of generations for quarks and lepton is a result of the anomaly cancellation
conditions [14], but the reason for postulating exactly three generations in the SM is an

open question for particle physics.

| Generation | Symbol [ Mass (MeV) | Charge (¢) | Interaction |

e 0.511 -1 EM, Weak
First Ve <2x1076 0 Weak
U 2.31'8:; —G—% EM, Weak, Strong
d 4.8f8:§ —% EM, Weak, Strong
105.7 -1 EM, Weak
Second vy < 0.19 0 Weak
1.275 4 0.025 x 10° +2 EM, Weak, Strong
9545 —% EM, Weak, Strong
T 1176.86 = 0.16 -1 EM, Weak
Third Uy < 18.2 0 Weak
t 173.07 4+ 0.89 x 10° +2 EM, Weak, Strong
4.18 +0.03 x 103 —% EM, Weak, Strong

Table 2.1: Properties of quarks and leptons.

Each lepton or quark has an associated antiparticle. The antiparticles have the same
mass and undergo the same interactions as corresponding particles, but have the reversed
signs for some quantum numbers, such as electric charge, baryon number and lepton number.
Quarks, leptons, antiquarks and antileptons together make a complete list of 24 elementary
fermions in the Standard Model.

Gauge bosons

The gauge fields appear in the SM as a consequence of the invariance of the Lagrangian
under local symmetry transformations. Quanta of those gauge fields are spin-1 particles,
gauge bosons, which mediate the interactions between fermions.

The photon (), the quanta of the electromagnetic interaction field between electrically
charged fermions, has no electric charge and zero mass. Since the photon is massless, the
associated electromagnetic force is a long range force.

The force carriers of the weak interaction are the charged W™ and W~ bosons and the
neutral Z boson that were discovered at CERN in 1983. Since the W* and Z° bosons carry
mass (My ~ 80.4GeV, Mz ~ 91.2 GeV), the weak force has a short range of ~ 1072 fm.

At low energies, the weak interaction is much weaker than the EM interaction and the
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strong interaction. However, its unique features of maximally violating charge conjugation
and parity and not to conserve flavor enabled the discovery of the weak force, long before

the advent of high energy accelerators [15, 16].

Symbol | Mass (MeV) | Interaction | Interact range | Interact with
v 0 EM Infinite charged leptons
quarks
W+ 80.4 Weak 107 %m quarks, leptons
Z 91.2
gi 0 Strong 10~ %m quarks, gluons
(1=1,..,8)

Table 2.2: The SM gauge bosons.

The quanta of the strong interaction field, the gluons (g), mediate the strong force
between color charged particles. The gluons are massless and electrically neutral as the
photon, but they have eight different color charge combinations. Since gluons themselves
carry the color charge and can directly interact with one another, the strong force between
colored objects becomes larger when the objects are further apart and the strong interaction
is confining. The properties of the gauge bosons and the interactions they associate with

are summarized in Table 2.2.

2.1.2 Interactions

One of the most profound insights in the Standard Model is that the interactions between
fundamental particles can be dictated by the local gauge symmetries. In the simplest
example, the requirement of the Lagrangian for a single fermion being invariant under the
U(1)ga gauge transformation defines the electromagnetic interaction. The weak interaction
as well as the unification of the weak interaction and the electromagnetic interaction are
introduced by demanding the invariance of the Lagrangian under transformation of the
SU(2)r, ® U(1)y gauge group. Following similar procedure in Quantum Electrodynamics
(QED), the strong interaction appears in the Standard Model by enforcing the Lagrangian
of a single quark to be invariant under the SU(3)¢c gauge transformation. Finally, invoking
gauge invariance under the transformations of the gauge group made by product of three
sets of gauge transformations SU(3)c ® SU(2); ® U(1)y ensures that all three interactions

(strong, weak and electromagnetic) are described in the Standard Model.

Electromagnetic interaction : U(1)gm

We first consider QED, where quarks and leptons are represented by Dirac fields which are

functions of the continuous space and time coordinates z,,. The most general renormalizable
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Lagrangian for a single Dirac fermion field has the following structure:

£ = §(ir" 9y — m)e. (2.2)

Under the U(1)ga gauge group, the fermion field transforms as:

P — 1) =@y, (2.3)

where the charge operator Q (with eigenvalue of -1 for electron) acts as the generator of
U(1)gm group.

Insisting the Lagrangian in Eqn. (2.2) to be invariant under the U(1)gys gauge trans-
formation (Eqn. (2.3)) leads to the existence of the gauge field A,. This process is mathe-
matically done by replacing the d,, in the Eqn. (2.2) by the covariant derivative:

0y — Dy = 0y +ieQA,, (2.4)

where A, transforms as:
1
A, — A+ 58#04. (2.5)
Using the covariant derivative, the invariant Lagrangian can be expressed as:

£ = §(ir" B — m) — 0" QU A, (2.6)

Free fermion Interaction

The second term in Eqn. (2.6) shows the electromagnetic interaction of the A, field and
the fermion with coupling constant e.

Regarding A, in the interaction term as the physical field of a massless photon, we do
not need to consider the mass term %mQAMA“ of the gauge field. However, to describe
the propagation of the gauge field, we must consider the dynamical contribution to the

Lagarangian of the A, field. Defining the field strength tensor of gauge field A, by
F[,LV = a,uAu - aVA/,“ (27)

and taking a gauge invariant term corresponding to kinetic energy of the A, field to be
—}lFWFW, we obtain the Lagrangian of QED:

. _ 1 y
Loar = Dy 9 = mpp - ey " QuA, = JFuF™ . (28)
Free ]?grmion Interaction "’

Kinetic energy of Ay
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Electroweak interaction : SU(2), ® U(1)y

In the chiral presentation, the four-component Dirac fields of quarks and leptons can be

written as a pair of two-component fields:

= (3)+(2)

where 17, and ¥ are left-handed and right-handed fields which are projected out the Dirac
field by the chirality operator v°:

11}/;> 1 5 < 0 ) 1 5
- (I— , =1+ : 2.10
(0 =sa-w () =5 (2.10)
A pair of left-handed charged lepton and the corresponding left-handed neutrino fields
and a pair of left-handed up-type quark and left-handed down-type quark fields from each
generation form doublets Wy, while the right-handed fermion fields forming singlets ¥ g:

wi(2), G, () Q) €, G) ew

‘I’R : (24 MR TR dR SR bR (2.12)

UR CR tR (2.13)

When the Standard Model was constructed, there was no experimental evidence for the
existence of the right-handed neutrino, therefore, the right-handed neutrino fields were
ignored. Today, however, we consider extensions of the Standard Model where such fields
are included.

Since the group SU(2)p in the electroweak gauge symmetry SU(2); ® U(1)y acts only
on left-handed fields, the SU(2), ® U(1)y transformations of the left-handed doublets and
right-handed singlet are:

U — U, =@ THbEY g, gp W) = @Y g, (2.14)

In Eqn. (2.14), f(x) and three components of the vector a(z) = (a1(z), a2(x),as(zx))
are real parameters. The operator Y and three components of isospin vector operator
T = (T',T?,T3) are generators of the U(1)y and SU(2);, groups, respectively.

The form of the generators depends on the representation of the field. In the fundamental
representation, the generators of SU(2),, are 2 x 2 matrixes and written as T = Z- (a =

1,2,3), where the 7% are identical to the Pauli spin matrixes:

Q) 0D G e
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The generator of the U(1)y group, the weak hyperchage operator Y, is defined as a linear

combination of the electromagnetic charge operator @ and the third generator T of SU(2):
Y =2(Q - T3 (2.16)

The week isospin (7") and hypercharge quantum numbers (Y') of left-handed and right

handed fundamental fermion fields of the first generation are summarized in Table 2.3.

Field er, Ver, | UL dL €Rr | UR dR

Weak Isospin T

D=
N[
NO[—
N[
o
o
o

Hypercharge Y | —1 | —1

W=
L=
wino

Table 2.3: Weak Isospin and Hypercharge of Leptons and Quarks.

Consider the Lagrangian for a set of massless Dirac fermion fields:
L=V5iv 0,V + VUriv"9, Vg (2.17)

Demanding the Lagrangian of Eqn. (2.17) to be invariant under the gauge transformation
of SU(2)r ® U(1)y symmetry (Eqn. (2.14) forces us to introduce four gauge vector fields,
W, = (Wj, Wg, Wg) and B, and replace the partial derivative by the covariant derivative:

Oy — D=0 +igWiT" +if B,Y, (2.18)

where the three gauge fields Wj (a =1,2,3) are associated with the SU(2)r group and the
B,, gauge field is associated with the U(1)y group, g and g/ are gauge coupling constants
to the W fields and B,, fields. The gauge fields transform as:

1

1
Wi — Wg - gﬁuaa — eabcabI/Vﬁ7

where €4 is structure constant of the SU(2) group [T, T = i€ T°. The field strength
tensors of the By, and W gauge fields are defined by:

By, = 0,B, — 0,B, (2.19)

Wﬁy = aMWz? - &JWE - geabcwﬁwﬁ- (220)
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The last term in Eqn. (2.20) arrises from non-Abelian nature of the group SU(2) when
generators T (i=1,2,3) do not commute with each other. We then take the dynamical
contribution to the Lagrangian associated with B, and W) gauge fields to be:

1

1
Egauge = 4B;WBHV - ZWZ/W&#V (221)

Replacing the partial derivative 0, in Eqn. (2.17) with the covariant derivative of Eqn. (2.18)
and considering the contribution to the Lagrangian of the gauge sector (Eqn. (2.21)) lead
to the electroweak Lagrangian first developed by Glashow in 1961:

Low = Upin" 0,V + Upintd,Up — Wpy* (gWiT + g B,Y)Up,

Fermion kinetic Left—handed interaction

g 1 1
- \Ifmﬂg BYUr — BuB" - JWi,W (2.22)

Right—handed interaction Gauge sector

Two interaction terms in Eqn. (2.22) describing interactions of left-handed and right-handed
fermion fields with the W, B, gauge fields arise from the requirement of SU(2), ® U(1)y
gauge invariance. However, the requirement of gauge invariance forbids the presence of the
mass terms of the gauge fields %m2WauW£‘ and %mQBuB” in the Lagrangian. Adding the
mass term of the fermion fields such as %m2(1/_1L¢R + (1brepr) would also destroy the gauge
invariance of Lagrangian. Therefore, the electroweak Lagrangian (Eqn. (2.22)) describes
only massless fermions and massless gauge bosons.

To accommodate the charged vector bosons (W¥), the Wj and W, fields which are
responsible for weak-charged current interactions are introduced as complex combinations
of the Wﬁ and Wﬁ gauge fields:

1
+ 1 . 2
Wi = —2(WHZFZWH). (2.23)

By defining:

1
V2

the gauge sector in Eqn. (2.21) is rewritten as:

(W FiW3,), (2.24)

1 1 1.
Lgauge = —ZB,WBW - ZW;j’VW?’W — iwu,,wﬂw (2.25)

with:

W3, =0,W) = 9,W2 —ig(W, W,m — W, W) (2.26)



2. THE STANDARD MODEL AND HIGGS PHYSICS 12

Wi = (0u + igWHW,F = (0, + igWHW, (2.27)

W, = (0u — igWHW, = (0, — igWHW,, (2.28)

The relation described in Eqn. (2.16) implies that the A, field associated with the
generator @ of U(1)gy must be a combination of the Wg’ and B, fields associated with
generators 7% and Y. In a sense, the unification of the electromagnetic and weak interactions
is expressed in mixing of B, and Wg fields to form the Z, and A, fields associated with
the Z boson and photon:

Zy = ———(9W, —g'By)

A, = 'W3 + gB,). (2.29)
Rather than having a symmetry group with a single coupling to unify electromagnetic
and weak interactions, the SU(2); ® U(1)y theory contains two symmetry groups with

independent coupling strength g and ¢’. Using the definition of Weinberg or weak mixing

angle Oy :
g/
tan fy = =, (2.30)
g
the Z, and A, fields are written as:
Z, = WEL’ cos by — B, sin Oy A, = W3 sin Oy + B, cos Oy (2.31)

Inverting the rotation in (B, Wg’) space (Eqn. (2.29)) gives the expression for B,, and W3

in term of Z,, and A:
B, = A, cosby — Z,sin Oy Wi’ = A, sinfw + Z,, cos Oy . (2.32)
Substituting Eqn. (2.32) into Eqn. (2.26) and Eqn. (2.19) gives:

By, = Ay cosbw — Z,,, sin Oy, (2.33)

Wi’l, = A, sinby + 7, cos Oy — ’Lg(Wu_W;“ — W;WJ) (2.34)

Using Eqn. (2.33) and Eqn. (2.34), the gauge sector in Eqn. (2.25) can be rewritten as:

1 1 | — v
ﬁgauge = _ZZMVZMV - ZAMVAMV - §WMVW+“ (2'35)
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with:

W;Z, = (Op +igA, sinbw +igZ, cos Oy )W, 5
— (9, + igA, sin by + Z, cos Oy )W, (2.36)

W, = Oy —igAusinbw —igZ, cos Ow )W,
— (0y —igAy sinby — igZ, cos HW)W; (2.37)

The interaction of the electromagnetic field A, (x) with vector boson fields Wf () and
W, (z) is shown in the last term of Eqn. (2.35), and there is no term in the Lagrangian
(Eqn. (2.35)) describing interaction between electromagnetic field and vector boson fields
Z,(x). The three vector fields, Wf (), W~ (x), and B, (z) are identified with the mediators
of the weak interaction, W, W~ and Z particles. The W bosons are found experimentally
to carry electric charge of +e, and the Z boson is found to be neutral. From the coupling
of the W fields to electromagnetic field (g sin y) shown in Eqn. (2.35) and Eqn. (2.37),

the electromagnetic coupling is identified as:
e = gsinfy = g cos by (2.38)

The W+ are responsible for the charged weak currents, meanwhile, Z is responsible for the
neutral weak current.

Explicitly adding the mass terms for the Wff (z) and By(x) fields as well as for the
fermion fields to the electroweak Lagrangian is prohibited by gauge invariance. However,
experimental results have confirmed that all gauge bosons of weak interactions are massive.
To introduce the mass of W+ and Z without explicitly breaking the local gauge invariance,
a mechanism of spontaneous symmetry breaking has been developed to reveal the mass for
those bosons corresponding to the broken generators of the symmetry group. This intriguing

development will be described in Sec. 2.1.3 on the Higgs Mechanism.

Strong interaction : SU(3)c

Quantum Chromodynamics (QCD) is a theory describing the strong interaction between
particles carrying color charges. In the Standard Model, each flavor of quark has three color
states and QCD is based on the SU(3) gauge group of phase transformations on the quark
color fields. Leptons do not carry color charge, therefore, they do not participate in the
strong interaction and are singlets under SU(3) transformation.

Consider the Lagrangian for a free quark:

L = g (iv"0, — m)ih, (2.39)
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Under the SU(3)¢ gauge group, the quark fields of each flavor transforms as a color triplet:
by — P = el @lay, (2.40)

where «, (a=1,...,8) are real parameters and L, are generators of the SU(3) gauge group.
In the fundamental representation, L, are conventionally written in terms of 3 x 3 traceless

Gell-Mann matrices:

L, =22 2.41
. (2.41)
with
01 0 0 —¢ 0
M=1]1 0 0 o= 1
0 0 O 0 0
1 0 0 0 0 1
A=1]10 -1 0 M=]10 0 0
0O 0 O 1 00
0 0 — 0 0 O
AMdM=10 0 0 =10 0 1
1 0 0 01 0
01 0 ) 1 0 0
AM=1]11 0 —1 dM=—1]10 1 0 2.42
7 | 5= 75 (2.42)
0 + 0 0 —2

Similar to the U(1) gas theory of electromagnetic interaction and the SU(2),®U(1)y theory
of electroweak interaction, postulating the invariance of the Lagrangian (Eqn. (2.39)) under
the SU(3) local gauge transformation (Eqn. (2.40)) gives rise to eight vector gauge fields
G, and forces us to replace the partial derivative with the covariant derivative. Just as for
the photon, local gauge invariance also requires gluons, excitations of the gauge fields G,
mediating the strong force, to be massless. Therefore, the QCD Lagrangian is given as:

T 1 a v
L = )g(iv' D,y — m)ipg — ZGWGg , (2.43)

where D), is covariant derivative and GY,, are gauge field strength tensors:
Dy =0, +1igsG} La (2.44)

GZV = a#Gg - al/GZ - gsfachZGl‘i. (245)

In above equations, the parameter g, is the strong coupling constant and f,p. is the structure
constant of the SU(3) group [L?, L] = i fu.L¢. Under the SU(3)¢ gauge group, the gluons
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fields transforms as:
a a 1 a b e
G, — G — ;(‘ha — fabed’ G, (2.46)
Interactions in QCD are revealed by rearranging the terms in Lagrangian (2.43):

Iy (5 1 a a v v
Locp = Ug(i9"0, + m)i, - 0.6 - 0,60 Gy - 07 GE)

>, > VvV
Quark kinetic and mass term Gauge field kinetic

+ gsJ}qryﬂGzLad)q + gsfabc(a,uGZ)GgGZ + gg(fachgGlcj)(fadeGgGZ) (2'47)

Quark—gluons interaction Gluon sel f —interaction

Arising from imposing the SU(3) local gauge invariance on the Lagrangian of free quarks,
the quark-gluon interaction term in the QCD Lagrangian describes the interaction of quarks
and gluon fields. The 3-point and 4-point self interactions of gluons appear in the QCD
Lagrangian as a consequence of gauge invariance requirement and the non-Abelian character
of the SU(3) gauge group. The gluon self interactions reflect the fact that gluons themselves
carry color charge.

At very short distance (< 0.1fm) or very high energy (> 10 GeV), the effective strong
coupling constant becomes so small that quarks and gluons can be considered as approxi-
mately free and their interactions can be treated by perturbation theory. This remarkable
property of strong interaction is due to the non-Abelian nature of QCD and known as
asymptotic freedom. At long distances or small values of energy, the effective strong in-
teraction coupling constant becomes large and the theory is no longer perturbative. On a
length scale greater than about 1fm, the quark and gluon fields are experimentally known
to be confining and colored particles such as quarks and gluons can never be isolated. The
peculiar property of strong interaction that does not allow isolated quarks to exist, and

binding quarks together forming colorless hadrons is called confinement.

2.1.3 The Higgs Mechanism

It has been well experimentally established that the weak interaction is mediated by massive
W, W~ and Z bosons. To incorporate the mass of the W, W~ and Z bosons into the
Standard Model where the gauge theory requires all gauge bosons to be massless, the Higgs
mechanism has been developed to circumvent this constraint on the mass. The Higgs
mechanism begins with applying a local gauge invariant theory with massless gauge bosons
to hypothetical scalar fields and ends with a Standard Model spectrum having massive

gauge bosons, after undergoing a spontaneous symmetry breaking.

Jr
Consider a Higgs doublet of complex scalar fields ¢ = ( ), where the charged and

¢0
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neutral components of the doublet are constructed from four real scalar fields:

¢t = %(% +igy) ¢ = %@53 +i¢4) (2.48)

The week isospins (T, T%) and hypercharge (Y) quantum numbers of the Higgs doublet are

chosen as in Table 2.4.

Field | Isospin T | Isospin T3 | Hypercharge Y

1 1
¢ 3 3 1

¢0

N[
N[
[a—

Table 2.4: Properties of Higgs doublet

In the SU(2), ® U(1)y gauge theory where the massless vector gauge fields W and B,
have been introduced, the local gauge invariant Lagrangian describing the Higgs doublet is

given as:

! 2
Litiggs = | (9 + igWiT® + i%BuY)qb — V() (2.49)
where V(¢) is the Higgs potential:

V(9) = 1’0o + Ao'0)? (2.50)

The parameters in Eqn. (2.50) are constrained by p? < 0 and A > 0 so that the Higgs
potential has a minimum different than zero and is bounded from below (Fig. 2.1). Then

the potential defined by Eqn. (2.50) reaches its minimum at a finite value of |¢| where:

12

5\ (2.51)

1
[0 = 66 = (67 + 63 + 63 + 0F) = —

The vacuum state of the system is degenerated in four-dimentional space of scalar fields
(¢1, P2, ¢3, d4), and the manifold of points at which V' (¢) is minimized is invariant under
the transformation of SU(2); ® U(1)y symmetry. The fluctuations around the minimum
energy are calculated by perturbation theory based on expanding ¢(z) about a particular

vacuum state which has been chosen as:

12
$1 =2 = ¢4 =0, ¢3 = N = v? (2.52)

Parameterizing the fluctuations from the vacuum state chosen as Eqn. (2.52) in terms of
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7

V(D)

v

|- _-—-—-—T

Figure 2.1: The Higgs potential

four real fields £(&1(x), &2(x),&3(x)) and h(x) with corresponding vacuum expectation value
(VEV):

(€1(x)) = (&(2)) = (&(x)) =0, (h(z)) =0, (2.53)
the exited states of the Higgs doublet are obtained in the form:
. L §a(x) +i&1(x) . iTE(x) v ( 0 >
0= 75 (S i) =7 (st ) 2

V2

with choice of the unitary gauge U(§) = e~ E@)/v  Due to the gauge invariance, the exited

states (Eqn. (2.54)) in the unitary gauge can be written as:

V2

Adding a constant term (—p?v?/4) to Eqn. (2.50) and substituting Eqn. (2.55) in, the Higgs
potential is expressed in terms of the VEV and the field h(x):

o) = (oot ) (2.55)

2

V(e) =Moo - 5)?

2 2
V(9) = V(h) = —u*h® = T — ot (2.56)

Substituting Eqn. (2.55) and Eqn. (2.56) in Eqn. (2.49), and using the relations described
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in Eqn. (2.23) and Eqn. (2.31), we find:

Liggs = %aﬂhﬁuh — 94—2W,;W+ﬂ(u +h)? + é(gQ +d?)B,B"(v+h)* =V (h) (2.57)
There are infinite number of possible Higgs doublet vacuum states which have the VEV of
v/ V2. Choosing a particular state as in Eqn. (2.52) is equivalent to spontaneously breaking
SU(2)p, ® U(1)y symmetry, and the Lagrangian in Eqn. (2.57) obtained from expanding
¢(x) about this particular state is no longer invariant under the SU(2); ® U(1)y gauge
transformation. However, the option of giving the VEV to the neutral component of the
Higgs doublet ensures the conservation of electric charge and the U (1) gps symmetry remains
unbroken after the expansion.

The physics content of the full Lagragian after the spontaneous symmetry breaking is

revealed by adding Eqn. (2.35) to Eqn. (2.57) and rearranging the terms as:

L = EH'iggs"_['gauge
£ o= Lonomn g g 2 g (2.58)
2°H v 402 ’
1 1 h?  wh
— 11/ THv 2 2vi7—1/+ 21— 117+
—§WHVWM+ZU9WMWN_(Z+?) WHW“
2
gz - L+ B - (g 4 gy 2,20
4 8 8 4
1 174
_ZAWAM

The resulting Eqn. (2.58) describes the Lagrangian for a free massive neutral scalar boson
field h(x), a free massive neutral vector boson field Z,(x), a pair of massive charged vector
boson fields Wlfc(ac), and a massless photon field A,(x). The Higgs doublet ¢(x) and its
vacuum state have been constructed with the requirement that the photon be massless,
therefore, the result ME\ = 0 is a consistency check on the calculation in the Higgs mecha-
nism. From the expected mass term for a charge boson (M@, = W, WTH), and that for a
neutral boson (M2 = Z,Z"), the masses of W and Z bosons are identified as:

1
My = 39 (2.59)

1
My = GV )
Subsequently, the W* and Z bosons were discovered with the masses [17]:

My = 80.399 £0.023 GeV
Mz = 91.1876 £+ 0.0021 GeV

Using the notation introduced in Eqn. (2.30) and predicted W and Z masses in Eqn. (2.59),

the relation between W and Z masses is expressed in terms of the weak mixing angle Oy



2. THE STANDARD MODEL AND HIGGS PHYSICS 19

as:

My

— cosfy = 0.8819 = 0.0006 (2.60)
Mz

Among the four fields parameterizing the Higgs doublet in Eqn. (2.54), three fields (&1 (), &2(x), &3(x))
have been gauged away, and there remains only the scalar Higgs field h(x) which can pro-

vide a handle to verify the theory. From Eqn. (2.59), the vacuum expectation value of the

Higgs field is estimated as:

M, 2 My si
v V2Mw  V2Mwsinbw o (2.61)

V2 g e

There are three-point and four-point interaction terms of the Higgs field h(x) and the weak
gauge boson fields shown in Eqn. (2.58). Using the expressions of the weak boson masses
in Eqn. (2.59), the three-point coupling strength of the Higgs field to the W* and Z boson

fields are found to be proportional to the mass of the gauge bosons:

gMz
cos Oy

oMy, (2.62)
Imposing SU(2), @ U(1)y gauge invariance on the Lagrangian, followed by the spontaneous
symmetry breaking SU(2)r, ® U(1)y — U(1)gnm, generates the massive vector W= and Z
gauge boson fields, the massless electromagnetic field and gives a rise to the Higgs scalar
field h(x). The excitation of the neutral scalar h(x) field, the Higgs boson, is an electrically

neutral particle with mass determined from parameters of the Higgs potential:
My = V202 (2.63)

The parameter v is experimentally fixed by Eqn. (2.61), but \ is a free parameter in the
Standard Model. Therefore, the mass of the Higgs boson is not predicted by theory. How-
ever, the existence of the Higgs boson is an essential part of the Standard Model. Theo-
retical studies to put constraints on the Higgs boson mass as well as experimental searches
for the evidence of this particle have been pursued for half a century. The experimental

confirmation of the existence of the SM Higgs boson has been eagerly awaited.

2.1.4 Yukawa Interaction and Fermion Mass

Combining the gauge theories describing electroweak and strong interactions together, the
general symmetry group of the SM is formed as a product of three disconnected sets of

gauge transformations with different coupling strengths, the SU(3)¢ group with strength
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gs, the SU(2)1, group with strength g and U(1)y with strength ¢':
Gsyv =SU(3)- ®SU(2);, ® U(1)y (2.64)

The quarks and leptons of each generation in the SM are excitations of fermion fields which

are organized in five representations of the gauge symmetry group Ggps:

Qii(372)+1/37 U{%i(371)+4/37 D{%i(g’l)—Q/ii’ Lii(l)Q)—la Ell%i(l’l)—Q (2'65)

In the fermion representations (2.65), the super-index I denotes gauge interaction eigen-
states, the sub-index 7 = 1,2, 3 is the generation index, the first and second numbers in
the parenthesis indicate the SU(3) and SU(2) representations respectively, and subindex
number represents U(1)y charge. Q% (3, 2) 41/6 and LL.(1, 2)_12 are left-handed quark and
lepton fields, respectively. U ]I%i(3, 1)49/3 and DJIL;,/Z-(37 1)_1/3 are right-handed up-type and
down-type quark fields. E{%i(l, 1)_1 represents right-handed charged lepton fields.

The Higgs doublet of complex scalar fields introduced in the Higgs mechanism is a singlet
of SU(3)c, doublet of SU(2)1, and carries hypercharge Y = +1/2. It can be expressed as a

scalar representation of the gauge symmetry group:

$(1,2)41. (2.66)

Explicitly adding the lepton or quark mass terms (—m1)) to the Lagrangian of the fermion
system in Eqn. (2.22) violates the gauge theory. To retain the gauge invariance, the fermion
mass needs to be introduced into the SM model through the Yukawa interaction between
the Higgs field and the fermions fields. The contribution to the Lagrangian of the coupling

for three fermion families to the Higgs field is taken to be:

_ lepton quark
»CYukawa = L Yukawa +L Yukawa (267)
leptons 71 ol xl 1711
‘CYukawa - 7Yi§LLi¢ERj - Y;§ ERj¢LLi
k d I Trrl d T T
Lot = —Y5QL0Dp; — YiQLoUg; — Y5 Dpi0Q1; — Vi UL 0Q
where Y, YZ? and Y7 are arbitrary complex matrixes, and the conjugate of the Higgs field

¢ is constructed as :

) 0
gb(]_, 2)_1 = —’L'ng)* = ( gb(f ) (268)
Gathering all ingredients together, we have the Standard Model Lagrangian Lgys, which is
consistent with the gauge symmetry in Eqn. (2.64) and particle content shown in Eqns. (2.65)
and (2.66), written as:

ACSM = Ekinetic + LHiggs» +£Yukawaa (2'69)
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where Lyykawa (2.67) describes the Yukawa coupling and Lyiggs represents the scalar self

interaction:
Litiges = —12¢10 — A(¢'9)*. (2.70)

The Liinetic includes kinematic terms of all the fields:

quark

1 Hi
ﬁkinetic = ‘Clgits;?c + ‘Ckinetic + ‘C’ig(iarllle;gteic + ‘Ckilrigegtsic
/ /
lept 7T . g =y . g
Lo = Ly, (i0" — gWorT® — 5B“Y)L£i + BEL oy, (i0" — §B“Y)E{%
/
k T . b b g I
Lilnetic = iﬂu(z@“ = gsGMLY — gWHT? — EBMY)QM

- /
UL, (10" — g G LY — %B“Y)U{%

- /
+Df (i — g.GML" — £ B"Y)Dpy

. / 2
Comre = |@u+igWiT* +i5BY)9
EGauge _ 1B BHY 1Wa Warv 1Gb Gb;w 271
kinetic _Z pv - Z uv - Z pv ( T )

Expanding the SM Lagrangian Lg); around the vacuum states of the Higgs field is equivalent
to substituting ¢(1,2) 1 and $(1,2)_; in Eqn. (2.69) with:

_ht 0 _ _ 0 vth(z)
(D)) (D) (F) e
2

Under spontaneous symmetry breaking, the Standard Model symmetry group Ggas breaks

down as:
SUB3)-®SU(2);, ® U(1)y — SUB)x @ U(L) gy (2.73)

The gluons and the photons associated with generators of the unbroken parts, SU(3)c and
U(1)ga, remain massless, while W+ and Z weak bosons acquire a masses as shown in
Eqn. (2.59).

Decomposing the SU(2), lepton and quark doublets into their components as:

vl vl vl Ul
LI@'(172)—1 _ < eL> ’ < HL) ’ < TL> : Qli _ < Lz> (274)
g e, 155 u "o\,

and applying the substitution Eqn. (2.72) to Eqn. (2.67), we obtain the Yukawa interaction
terms of the SM Lagrangian expressed in terms of the vacuum expectation value and of the

neutral scalar Higgs field h(x) as:

h — — —
it = — g L ] 2.75)
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rk v +h
E?{}fll{avja = \/5 (Dip Dizv Di:s) v (DII—?L D}’va}I%s)T
v+ h

7 (Uil, U]{Q, U£3)YH(UR1, Uks, UL)T + hermitian conjugat(@.76)

Upon spontaneous symmetry breaking, the Yukawa interactions give rise to the mass

terms of leptons and quarks:

Eﬁ’;‘;cs’ns = —%(g, E, TL) Ye (eh, pk, 7H)T + hermitian conjugate (2.77)
rk d (I I I \T
EqYlllliavja = \/i (l)Ll7 DI{27 DiS) Y (DRj7 DRj7DRj)

—%(U—il, U—£2, U—iz)))Yu(UIIﬂ, Uk, UL)T + hermitian conjugate
(2.78)

BEach matrix of Y€, Y*, Y% can be diagonalized with a set of two chosen 3 x 3 unitary

matrixes:
Y =VE Yo VE,  Yd o =VEYUVE,  yd =vivdvy (2.79)

and the mass eigenstates of quarks and leptons are defined as:

Ui = (Vi)iUi,
Uni = (V§)iiUk;
Dpi = (V{)iDi;
Dri = (V)i Dy,
(eLa,UL,TL)T = Vf(ei,ui,Ti)T
(erspr,mR)T = VE (ks i h)" (2.80)

Then, from (2.77), (2.79) and (2.80), the masses of the leptons are given by:

me:fev m :M m’r:m
\/57 e \/57 \/57

where the diagonal elements of Y(ﬁag, fe, fu, and fr, are dimensionless Yukawa coupling

(2.81)

constants.
Similarly, the masses of the six different flavor quarks are obtained from Eqns. (2.78), (2.79)
and (2.80):

My, = M me = Jev my = M
u \/57 C \/57 \/5
mg = fdv, ms = fsv, my = Jov (2.82)

5l
=
5
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It can be seen from Eqn. (2.75) and Eqn. (2.76) that introducing masses for charged leptons
and quarks through the Yukawa interaction also gives a rise to the interaction between those

fermions and the Higgs boson with coupling strength being proportional to the fermion mass:

V2my

v

f= (2.83)

Couplings of the Higgs boson to itself as well as to fermions and gauge bosons are charac-

terized by the Feynman diagrams in Fig. 2.2.

Figure 2.2: Feynman rules for the SM Higgs Boson

2.2 The Standard Model Higgs Physics

2.2.1 Theoretical Constraints on the Higgs Boson Mass

The Higgs mechanism in the Standard Model requires the presence of the Higgs boson as a
direct physical manifestation of the origin of the mass. The Higgs boson appears to be an
electrically neutral particle which has mass depending on two parameters, My = V202
The parameter v related to vacuum expectation value of the Higgs field is experimentally
determined by the mass of the weak gauge bosons. So far, there has been no way to calculate
the Higgs boson self-coupling constant A\, which characterizes the scalar potential, without
having experimental knowledge about the SM Higgs spectrum itself. Therefore, the mass of
the Higgs boson remains as unspecified parameter in the SM theory. However, theoretical
studies to determine constraints on the mass of the Higgs boson from considering triviality

and vacuum stability lead to the upper and lower bounds on the mass, respectively [18].
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Upper bounds on the Higgs boson mass

Due to the loop contributions from the Higgs boson self-interaction, the coupling of the Higgs
field to gauge bosons fields and the top-Yukawa coupling, the Higgs coupling A changes with

the effective energy scale as:

1
dt 1672

3 3
1202 + 6M\g2 — 397 — 5A(392 +4 2+ 1—6(294 +(*+ 4 2], (2.84)

V2My

v

where t = log 8—3 with Qg being some reference scale, and g; = being the top-Yukawa
0
coupling. Neglecting all coupling other than the Higgs boson self-coupling, Eqn. (2.84)

becomes:

D
dt — 4x?’

Taking the reference scale Qg to be the vacuum expectation value v and solving Eqn. (2.85),

(2.85)

we obtain the evolution equation for A of the form:
1 1 3 Q?
- — — = —, log —
Q) A(v)  4m? v?
1 1
— = . (2.86)
A v
@ e~ 59 0e(%)

The triviality refers to the fact that if we are allowed to take Q — oo keeping A(Q) > 0 as

a requirement for the stability of the theory, the coupling A(v) at low energy is driven to 0,
which implies a trivial, non-interacting theory. However, at lager and larger scales of @, it
is more and more likely that new physics, beyond the Standard Model, will appear and the
possible triviality problem connected to pure scalar theory can be avoided.

Consider a high energy scale A at which the new physics enters in and the Standard
Model is embedded in a more complete theory. Then A acts as a cutoff energy scale for
the effective Standard Model theory. Depending on the specific value of A, an upper bound
on the Higgs mass My can be derived [19]. The cutoff scale A is presumably smaller than
the Plank scale (= 10'Y GeV) and also smaller than the Ayp energy scale at which the
perturbative theory breaks down and non-perturbative effects become important.

To obtain the upper bound on Mpy, we require the running Higgs coupling A\(Q) be finite

at the cutoff scale A: )

5 O (2.87)

From Eqns. (2.63), (2.86), and (2.87), the approximate upper bound on the Higgs boson

mass is evaluated by:
9 872v?

M} < SToa(A2/07) (2.88)

Suppose there is no new physics before the grand unification scale and set A ~ 10'° GeV,
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the upper bound on the Higgs boson mass is then estimated as:
My < 160 GeV. (2.89)

It can be seen from Eqn. (2.87) that as the cutoff scale A becomes smaller, the constraint
on the Higgs mass upper bound becomes progressively loose. For example, with A ~ 3 TeV,
the upper bound is roughly 600 GeV.

Considering the contribution of the top quark and gauge bosons to the evolution equation
for A\, but just focusing on the case of a heavy Higgs boson, which corresponds to A >

gt, g, ¢, the equation of running A (Eqn. (2.84)) is simplified as:

dX A

3

Following a similar analysis applied for the pure scalar field theory and requiring the running
coupling A(A) to be finite up to the scale A, a more stringent upper limit on the Higgs
boson mass is obtained as a function of top quark mass M;. The upper curve in Fig. 2.3
shows the upper bound on the Higgs mass as a function of the cutoff scale A [19]. The
numerical value for the bound is calculated with considering the evolution of the gauge
coupling constants and top-Yukawa coupling. The upper filled area indicates the sum of
theoretical uncertainties in the My upper bound when keeping top quark mass fixed at
M; = 175 GeV. The cross-hatched area shows the additional uncertainty when varying M,
from 150 to 200 GeV.

Lower bound on the Higgs boson mass

The lower bound on the Higgs boson mass is derived from requiring the spontaneous
symmetry-breaking minimum to be an absolute minimum of the effective Higgs potential
up to some cutoff scale A. This requirement, referred to as vacuum stability, is essentially
equivalent to requiring the Higgs running coupling A to remain positive at all scales up to
a cutoff point A.

At the limit where the Higgs boson mass is small (corresponding to small \), the evolu-

tion equation for A in Eqn. (2.84) becomes:

a1
dt 1672

[—39? + 1%(294 +(g*+g 2)2)] (2.91)

The solution to Eqn. (2.91) at scale A is written as:

2
MA) = AW) + 1o [—3g§ b2t (o + g 2)2)] log(%) (2.92)

Imposing the requirement of vacuum stability (A(A) > 0) on Eqn. (2.92) and using the

relation in (2.63), we get the lower bound on the Higgs boson mass as a function of top
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Figure 2.3: The theoritical upper and lower bounds on the Higgs boson mass

quark mass and the scale A:

2 v’ 4, 3 4 2 1 2\2 A?
My > o5 |=39: + 1529 + (9" +9°7) )} log(ﬁ) (2.93)

A similar analysis procedure as above has been carried out using the two-loop normal-
ization group [20], provide lower bounds at fixed M; = 175GeV and a4(Mz) = 0.118 as
shown by the lower curve in Fig. 2.3. The solid area around this curve indicates the the-
oretical uncertainty. The lower bound on My is sensitive to A and gets weaker as A get
smaller. If the Standard Model is valid up to an energy scale of 10" GeV, the lower limit
on Myr is about 130 GeV. But if the new physics scale appears at ~ 1TeV, it goes down to
~ 70 GeV.

2.2.2 Indirect Searches for the SM Higgs boson

Consistency of the SM framework requires that all measurements are accommodated by
the same values of SM parameters as the coupling constants of various interactions and
the masses of the fundamental fermions, vector bosons and the Higgs boson. Based on
this requirement, a stringent constraint on Mp is obtained by performing a fit to a set
of precision electroweak data to minimize a y? [21] calculated by comparing electroweak

observables, their errors and correlations with the predictions calculated in the SM.
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To achive the best precision, a combination of the hadronic vacuum polarization, 14 Z-
pole results obtained at the electron-proton colliders LEP and SLC, as well as three direct
results measured in high-Q? interactions at the Tevatron namely top quark mass, W boson
mass and W boson width have been used for the fit to derive the constraint on the mass of
the Higgs boson [2]. The combined direct measurement results of top quark mass, W boson

mass and W boson width from the Tevatron experiments CDF and DO are :

M, = 173.20+0.87 (GeV)
My = 80.385+0.015 (GeV)
Ty = 2.046 +0.049 (GeV)

Including above high-Q? measurement results in the fit, the observed value of Ax?(My) =
X2in(Mpr) — X2, is obtained as a function of My and represented by the solid line in
Fig. 2.4 [1]. The theoretical uncertainty in the SM calculation due to missing higher-order
electroweak, strong and mixed corrections is estimated by ZFITTER [21] and presented
by the thickness of the shaded curve. The preferred value for the mass of the SM Higgs
boson, corresponding to the minimum of the Ax?(Mj;) curve, is at 94 GeV. An experimental
uncertainty is derived from setting Ax?(Mp) = 1, and according to the fit result, the mass
of the SM Higgs boson should be in the range My = 943?1 GeV at 68% confidence level.

6 March 2012 myi = 152 G('av
5 A“f‘a)d =
— 0.02750+0.00033

1 === 0.02749+0.00010

4 - -+ incl. low Q? data
R
3 3

2 -
1 N "-';.“

JLEP 3 LHC
0 excluded Sy A excluded

T T ]
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Figure 2.4: Constraints on the Higgs boson mass from precision electroweak data. The
black solid line presents the result of the fit Ax?(Mpy) = X2, (My) — x3,;, as a function
of My. The associated band represents the estimated theory-uncertainty due to missing
higher-order corrections. The vertical bands show the 95% confidence level exclusion limits
on My derived from the direct searches at LEP, Tevatron and LHC [1].
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While the fit result is not a proof that the SM Higgs boson actually exists, it does serve
as a guideline the preferred mass range to focus the searches. Including both the theoretical
and experimental errors, the one-sided 95% confident level upper limit on My given at
Ax?(Mpy) = 2.7 (taking the theory-uncertanty shaded band into account) is 152 GeV. The
upper limit My < 152GeV is clearly consistent with the 95% C.L. lower limit on My
obtained from the direct search performed at LEP as well as the 95% C.L. exclusion regions
obtained from direct searches for Higgs boson performed at the LHC and Tevatron as

described in the next two sections.

2.2.3 Direct Searches for the SM Higgs Boson
Decays of the SM Higgs Boson

Since the Higgs boson was incorporated into the Standard Model, phenomenological studies
have been carried out to predict the decay branching ratios of the Higgs boson in terms of
its unknown mass. Decays to fermions and weak gauge bosons (H — ff, H — WW and
H — ZZ ) are possible at tree level, while the decays H — 77, gg occur at the one-loop

level.
e Decay to fermion pairs

The fermionic decays are dominant for the Higgs boson with mass below the W™W ~ thresh-
old. Since the couplings of the Higgs boson to fermions are proportional to fermion mass M,
the partial width of Higgs boson into any pair of charged leptons or quarks is proportional
to MJ%: , )
Db — 1) = T gy (2.99)
where N, is 1 for charged leptons and 3 for quarks, § = /1 — 4M]% /M12-1 The one-loop
electroweak radiation corrections to decays into fermion can approach 10% at My ~ 1TeV,
but are rather small for the mass range where the decays in ff final states are substantial.
These corrections to decays into a pair of quarks (H — ¢G) can be neglected in comparison
with significant QCD corrections.
The QCD corrected decay width into quarks shown in Ref. [22] has been expressed in
terms of running quark mass M,(Mp) and running strong coupling a(Mp) evaluated at

the energy scale of M%I as:

392

I'(h— qq) = m

as(M?%)
M (M) My 5 <1 + 5.67STH + - > (2.95)
It is clear that the Higgs boson preferably decays into the heaviest fermion kinematically
allowed.
The branching ratios with QCD corrections for the dominant decay modes to pairs

of fermions are computed using the program HDECAY and shown in Fig. 2.5. For mass
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hypotheses in the range 10 GeV < My < 160 GeV, where my > My /2, the H — bb is the

most important ff decay mode.

—
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Figure 2.5: Branching ratios of the SM Higgs boson.

e Decay to boson pairs

With mass in the range 2My < My < 600 GeV, the Higgs boson will decay preferentially
into a pair of weak gauge bosons, H — VV (V = W¥, Z). A perturbative estimate should
be reliable in this mass range, and the decay widths of the Higgs boson into physical pairs
of WHW ™ and ZZ were found in [23] to be:

oy = My g _ 3,2
F(h—>W w )— e M‘%V\/l Tw(l rw + 4TW)7
2 M3
Nh—22)= & _Méi‘/l —rz(1=rz+31r%), (2.96)

where 7y = 4MZ /M?.
With an intermediate mass, My < My < 2Myy, the Higgs boson can also decay to a pair of
vector bosons H — VV* where one boson V* is virtual. The inclusive rates I'(H — VV™)

for all available channels V* — ff are given by [24]:

I'H - WWY)

394MHF My
51273 My

4
. g My 0 160 ., My
Th—2z2) = — I (7 26020y + — sin oy | F 2
(h—227) 20487r3cos49w< g S Ow s Ow JE g )
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where
47 13 1
— 2 2 2 4
Fz) = —|1—2"] (?m —74-?) —3(1—63: +4x> | In(x) |
3(1 — 822 +202%) /322 -1
+ 43;2 —1 COS 2713 . (297)

The branching ratios of H — WW and H — ZZ are plotted in Fig. 2.5. Both decay modes
become significant (> 10%) for My above 120 GeV.
The decay of Higgs boson to a pair of photons arises through fermion loops and vector

boson W# loops as shown in Fig. 2.6.

Figure 2.6: Diagrams contributing to H — -~

At the lowest order, the decay width of H — ~+ is given by [25]:

a292 M:;I

P =) = o343 02,

| ZNCiQiFi<Ti) %, (2.98)

where the sum is over fermions and W= bosons, N,; is the color multiplicity of particle i
(N,; = 3 for quarks, N.; = 1 for leptons and W¥), Q; is the electric charge of particle i in
units of e, 7; = 4M? /MH, and Fj(7;) is defined differently for fermions and W= boson:

Frermions(Ti) = —27; [1 + (1 - Ti)f(ﬂ')} (2.99)
Fw(m) = 2+3n[l+ (2 —7)f(n)]. (2.100)

The function f(7;) is given by:
2
[Sin_1 <\/1/Tq):| , ifrm>1

2
—%[log(i—j) —iﬂ'] , ifrm <1

e =1+V1—7. (2.102)

f(mi) = (2.101)

with

As shown in Fig. 2.5, the branching ratio of H — 7 is increasing with Higgs mass for the
lower mass region and reaches its maximum for My ~ 125 GeV. For Higgs boson mass

above 125 GeV, it becomes suppressed due to the rapidly increase of the H — V'V decay
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modes.

The decay of the Higgs boson to gluons at one-loop level is similar to the decay to photons
described above, with contributions from quark loops only. The decay width I'(H — gg) is
given by [26]:

a2g® M3
I(H — g9) = = LY rmlt+ @ =) f ()] I, (2.103)
q

12873 M2,

where 7, = 4m?2 /M3, and f(7,) is defined by 2.101.

In the limit that the quark mass is much less than the Higgs boson mass, we have:

m?2 M
2
[l + (2= 79) f(7g)] — M}g{ log <Mz> (2.104)
Therefore, the contribution of light quark loops to the decay mode H — gg can be neglected,

and the dominant contribution to the decay width to gluons is from the top quark loop.

The SM Higgs production and searches at LEP

The Large Electron Positron collider (LEP) at CERN colliding began operation in 1989 at
center-of-mass energy /s = 90 GeV and was eventually upgraded to /s ~ 209 GeV (LEP2)
at the end of its run in the year of 2000. Due to the smallness of the Higgs boson coupling to
an electron-positron pair, the SM Higgs boson is expected to be produced at LEP mainly in
association with the Z boson through the associated process eTe™ — Z* — ZH, as shown
in Fig. 2.7.

Figure 2.7: Feynman diagram of ete™ — Z* — ZH production

For the range of Higgs boson mass which is relevant at LEP, the SM Higgs boson decays
mostly to a bb pair. The main searches for the SM Higgs boson at LEP encompass final

state topologies having four fermions [2]:
e The four-jet final state: eTe™ — ZH — qgbb where H — bb and Z — qq
e The missing energy final state: ete™ — ZH — vwbb where H — bb and Z — vi

e The leptonic final state: ete™ — ZH — [T17bb where H — bb and Z — 11~

(I denotes an electron or a muon)
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e The tau lepton final state: ete™ — ZH — 77bb where H — bb and Z — 77 or
H — 77 and Z — bb

Using an ete™ collision data set of 2.6 fb~! at centre-of-mass energy between 189 and
209 GeV, the LEP Collaborations established a lower bound of 114.4 GeV on the SM Higgs
boson at the 95% confidence level [2].

SM Higgs production at hadron colliders

There have been two major hadron colliders have been operating in recent years, the CERN
Large Hadron Collider (LHC) and the Tevatron. The LHC, a pp collider, is the highest
energy accelerator available today with the pp center-of-mass energy settled to 8 TeV.
The Tevatron, a pp collider at Fermi Nationsl Accelerator Laboratory (Fermilab), started
producing collisions in 1988 at center-of-mass energy /s = 1.8 GeV and was upgraded to
have collider energy of /s = 1.96 GeV in 2001, then ran up to September 2011. The main
production mechanisms of the SM Higgs boson at hadron colliders are determined from the
fact that the SM Higgs boson couples preferentially to heavy particles and there is high gluon
luminosity at these colliders. The four main production processes for a SM Higgs boson
in hadronic colliders are the gluon-gluon fusion mechanism, the weak vector boson fusion
processes, the associated production with W/Z bosons, and the associated production with
top quarks or bottom quarks [27]. The Feynman diagrams of these processes are displayed
in Fig. 2.8. Production rates of the SM Higgs boson for various production modes at the
Tevatron and the LHC are summarized in Fig. 2.9 [28].

g

(b) Associated production with W/Z
bosons

g t, b
H
g
t,b
(c) Vector boson fusion (d) Associated production with heavy
quarks

Figure 2.8: The main SM Higgs boson production processes at hadron colliders.
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Figure 2.9: The production cross section for a SM Higgs boson at the Tevatron (top) and
LHC (bottom).

¢ Gluon-gluon fusion gg — H
The primary production mode of the SM Higgs boson at the Tevatron and the LHC
is via gluon-gluon fusion mediated by a virtual heavy quark loop. The cross section
for g9 — H is a factor of 10 larger than all other production mode cross sections [29].
Radiative QCD corrections to the gluon-gluon fusion process are very important. The
cross sections of this mode plotted in Fig 2.8 are computed at NNLO in QCD and

include soft-gluon resummation effects at NNLO.

e Associated Higgs production with W/Z bosons qq — V + H
The associated production of a Higgs boson with a massive gauge boson V (V = W, Z)
is an important channel in the low M region at the Tevatron. It utilizes the leptonic
decay of the W/Z boson and the H — bb decay mode to reject background. The
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production rate of gq¢ — V + H mode is computed at NNLO in QCD and NLO in
electroweak approximation, and ranges between 0.3 pb and 3 pb depending on the

Higgs boson mass [29].

e Vector boson fusion qg — VV* — qq + H
In the vector boson fusion (VBF) production mode, the Higgs boson is produced
in association with two forward jets and its decay products are found in a central
rapidity region, which allows to efficient reduction of background if suitable event
selections are chosen. The production rate of the VBF mode is computed with NLO
QCD corrections. It is one order of magnitude lower than production rate of the
gluon-gluon fusion mode, but VBF is an important channel for measurements of the

Higgs boson couplings and CP properties [29].

e Associated Higgs boson production with heavy quarks gg,qq — QQ + H
The plotted production rates of associated Higgs boson production with heavy quarks
in Fig. 2.8 are computed at different levels of perturbative corrections [30]: at NLO
in QCD for the ¢t associated production (gg,qq — tt + H), and at the LO in QCD
for the single-top associated production (gq¢ — bt + H). Since any Higgs boson decay
products in this channel would be present in the top decays, the large backgrounds
(particularly from ¢tbb and t£jj) would make the observation of a Higgs boson signal

from this production mode very difficult.

Direct searches for the SM Higgs boson at Hadron Colliders

The search for the SM Higgs boson is a central part of the Tevatron’s physics program and
a primary scientific goal of the LHC. After the shutdown of LEP in 2001, the CDF and D@
experiments at the Tevatron took the lead in Higgs searches and have performed searches
in both low mass (Mg < 130 GeV) and high mass (Mg > 130 GeV) regions. The SM Higgs
analyses carried out in this thesis use the total ~ 10fb~! data set of pp collision at the
center-of-mass energy /s = 1.96 TeV accumulated by the D@ experiment.

The two general purpose experiments at the LHC, ATLAS and CMS, have been con-
structed to cover a large spectrum of possible signatures in the LHC environment. The
search for the SM Higgs boson has been one of the major guides to define the detector
requirements and performances for these experiments [27]. The LHC started producing
pp collisions of the center-of-mass energy /s = 7TeV from March 2010, and then collider
energy was increased to 8 TeV in 2012. By June 2012, each experiment collected a data set
of ~ 5.1 fb~! at the center-of-mass energy /s = 7TeV and an additional data set of above
~ 5.1 fb~! at center-of-mass energy /s = 8 TeV.

The direct search for the SM Higgs boson at the hadron colliders is performed in five
major decay modes, H — bb, H — 777~ , H - ZZ, H - WtW~, and H — .

e H — bb decay mode
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For Higgs boson mass below 130 GeV, the decay H — bb has the largest branching
ratio of the five search modes. However, the QCD production rate of bottom quarks
at the hadron colliders is several orders of magnitude higher than the inclusive signal
H — bb. Therefore, to suppress the QCD background, the H — bb analysis search
strategy focuses on the associated production of the Higgs boson with W or Z boson
where the W or Z boson decays into a pair of leptons. Three exclusive subchannels
corresponding to different leptonic decays of the vector boson are considered, ZH —
IT1=bb, ZH — vibb and WH — lvbb. The H — bb decay mode is the most important
search channel at the Tevatron for the low My region. The recent D@ and CDF
combined search result based on the H — bb decay mode shows an excess of events in
the data compared to background prediction in the range 120 < My < 135GeV [31].

e H — 7t7~ decay mode
For My < 135GeV, the decay H — 777~ has an appreciable (~ 8%) branching
fraction. The search for the Higgs boson decaying into a pair of 7 leptons has been
carried out in independent channels corresponding to different decay modes of 7 pairs,
ef, Wi, €Ty, uTp and 7,7, Where the electrons and muons arise from leptonic 7 decays
and 7, denotes hadronic 7 decays [32, 33, 34, 35]. Several Higgs boson production
processes (associated production W H, ZH, vector boson fusion and gluon fusion)
have been considered in this search, and classifying the events coming from different
production processes based on jet multiplicity and charged lepton multiplicity of the
final states improves the signal sensitivity. The seach for the H — 777~ decay is the

third most important analysis for low My at the Tevatron.

e H — ~+v decay mode
Despite its small branching fraction, the H — ~~ decay mode is an important discov-
ery channel for a low mass Higgs at the LHC. The excellent resolution of the diphoton
mass M., makes the experimental signature of this decay very clean. The searches
for H — ~v decay by both CMS and ATLAS Collaborations indicate the presence
of a significant excess in data compared to background prediction at around a mass
point My = 125GeV. The observed local p—values for a SM Higgs boson of mass
My = 125GeV in CMS and My = 126.5GeV in ATLAS corresponding to above
4.0 Gaussian standard deviations [32, 36]. The combined search result of DO and
CDF for H — ~ also shows an excess of approximately two standard deviations at

My = 125 GeV and has a strong impact on Higgs boson coupling constraints [13].

e H — ZZ decay mode
The H — ZZ — 4 leptons decay is the golden channel for observing a Higgs boson
at the LHC, producing a narrow four lepton mass peak on top of a small continuum
background. Similar to the H — 7~ channel, the excellent mass resolution in the

H — ZZ channel gives it a special role in the searches within the low mass region.
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Using the combined 7 TeV and 8 TeV data set, both CMS and ATLAS Collaborations
have recently reported the presence of a significant excess in the Higgs mass range
120 < My < 130GeV in this channel [32, 36]. The minimum of the observed local
p—value occurred at My = 125.6 GeV in the CMS search result for H — ZZ — 4
with a significance of 3.2 standard deviations. A similar result has been observed
by the ATLAS collaboration with an observed local p—value of approximately 3.6

standard deviations.

e H —> WW decay mode

The H — WW decay mode contributes the majority of the signal sensitivity in the
SM Higgs boson search for the mass region above 130 GeV. The dominant search
channels related to this decay are H — WW — [T~ vv, where both W bosons decay
leptonically and [ denotes an electron or muon. The presence of neutrinos in the final
states prevents precise reconstruction of the candidate My and the mass resolution
in this search is lower compared to H — vy and H — ZZ search channels. However,
with the strong angular correlation between charged leptons in the final state, it is
possible to extend the search sensitivity down to the My as low as 120 GeV. A broad
excess, which is consistent with a SM Higgs boson of mass 125 GeV, is observed at
both the LHC and Tevatron. The Tevatron combined search results sho a one-to-
two standard deviation excess in the region from 115 to 140 GeV [13]. The observed
significance for the SM Higgs boson of mass 125 GeV is measured in CMS and ATLAS
at 1.6 and 2.8 standard deviations, respectively [32, 36].

An additional search channel has been exploited at the D@ collaboration, H —
WW — fvjj with one boson decaying leptonically and another hadronically. De-
tails about H — WW — fvjj analysis will be described in this thesis.

Combining direct search results from the ALEPH, DELPH, L3 and OPAL experiments
at the LEP ete™ collider [2], the D@ and CDF experiments at the Tevatron [37, 4], and
the CMS [6] and ATLAS [5] experiments at the LHC limits the SM Higgs boson mass to
122 < My < 127 GeV at 95% confidence level. Using a data set corresponding to integrated
luminosities of ~ 10.5 fb~! recorded at /s = 7TeV and /s = 8 TeV, the CMS and ATLAS
Collaborations performed the search in the above five decay modes and each Collaboration
reported an observation of a new particle consistent with the SM Higgs boson with a mass
near 125 GeV [32, 36]. The CDF and D@ Collaborations combined searches for the SM
Higgs boson (including the searches described in this thesis) using data set of ~ 10.5 fb~1
recorded at /s = 1.96 TeV reported a significant excess corresponding to 3.1 standard
deviations at My = 125 GeV, consistent with the mass of the new particle observed at the
LHC [13].
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2.3 Higgs Physics Beyond the Standard Model

Any physics beyond the Standard Model that affects the properties of the Higgs boson of
the Standard Model is of outmost importance to studies in particle physics. Two of the
simplest kinds of new physics that have a major impact on the Higgs sector of the SM,
which are considered in this dissertation, are the fourth generation of chiral matter [38, 39]

and the Fermiophobic Higgs boson model [40].

2.3.1 Fourth Generation of Fermions and Higgs Physics

Inclusion of the fourth generation of fermions with masses larger than those of the three
known generations is the most natural extension of the SM. The presence of the fourth
generation of fermions would have a significant effect on the couplings of the Higgs boson
to the SM particles and, therefore, modify both the production and decay properties of
the Higgs boson. The contribution of two additional heavy fourth generation quarks to
the quark-loop in gg — H production enhances the gg — H production cross section by a
factor of 7.0 to 9.0, depending on the masses of the quarks and the Higgs boson [39, 41, 42].
Although the partial decay width for H — gg is enhanced by the same factor as the
production cross section, H — V'V decays continue to dominate over the loop-mediated
decays for My > 135 GeV.

Under the assumption of a sequential fourth generation of fermions, constraints from
precision electroweak data on the mass of the Higgs boson becomes less restrictive and the
allowed mass range is expanded to 115 < My < 750 GeV [39]. Previous direct searches for
the Higgs boson within the context of the fourth generation at Tevatron have excluded at
95% C.L. the mass range 131 < My < 207 GeV [4]. Similar searches performed at CMS
[43] and ATLAS [44] have excluded 110 < My < 600 GeV and 140 < My < 185 GeV. The
SM boson Higgs searches carried out in this thesis are re-interpret in models containing a
fourth generation of fermion and are combined to others at the CDF and D@ to make the
latest exclusion reported by Tevatron, 121 < My < 232 GeV [13].

2.3.2 Fermiophobic Higgs Model

The Fermiophobic Higgs model (FMH) is an extension of the SM where multiple Higgs
bosons are allowed and the Higgs couplings are modified such that the Higgs bosons only
couple to vector bosons at tree level [40, 45, 46]. Since a fermiophobic Higgs boson (Hp)
has zero tree-level couplings to fermions, gluon fusion production gg — Hp is suppressed
to a negligible rate and direct decays of Hr to fermions become impossible. The vector
boson fusion production and the associated production with W/Z boson remain nearly
unchanged relative to the SM, but the branching fractions for bosonic decays Hp — WW,
Hrp — WW and Hp — ~7 increase significantly and comprise nearly the entire decay

width. The Hr — v decay is further enhanced over the SM since the negative interference
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between top quark and W loops responsible for this decay in SM is no longer present in the
FHM. For the low mass region, the diphoton decay of a fermionphobic Higgs boson decay
is enhanced by a magnitude and this decay mode provides most of search sensitivity for
My, ~125GeV.

Previous searches for a fermiophobic Higgs boson using the Hrp — 77 channel by CMS
and ATLAS Collaborations excluded M, in the ranges 119 < My, < 121 GeV and 110 <
My, < 118 GeV, respectively. Combining fermiophobic Higgs boson searches from multiple
final states at Tevatron, including the searches performed in this thesis, has excluded signal
with masses in the range 110 < My, < 116 GeV at 95% C.L. [13].

2.4 Search for the SM Higgs Boson in Leptons plus Jets Final
States

Searching for the SM Higgs boson begins by looking for detector signatures that are con-
sistent with its production and final decay products. This thesis is focused on searches
in the final states containing leptons and jets, which have been carried out in two differ-
ent physics analyses at the DO experiment, namely ZH — £¢bb and fvjj analyses. The
searches are performed using a data set of proton-antiproton collisions corresponding to
9.7fb~! of integrated luminosity collected with the D@ detector at a center of mass energy
of \/s =1.96 TeV.

2.4.1 The SM Higgs Boson Signal in ZH — £¢bb and fvjj Analyses
The SM Higss signal in ZH — ££bb analysis

The ZH — 0¢bb analysis searches for the Higgs boson produced in association with a Z
boson, with the Z decaying leptonically to a pair of uTpu~ or eTe™ and the Higgs boson
decaying to a pair of bottom and anti-bottom quarks. The leading order Feyman diagram
for the ZH — (T¢~bb signal process is shown in Fig. 2.10. Being more sensitive to the
production of a low mass Higgs boson, the ZH — ¢£bb analysis performs the search for the
mass range 90 < My < 150 GeV.

The SM Higgs signal in the fvjj channel.

The ¢vjj analysis performs the search for the SM Higgs boson using events containing
one charge lepton (¢ = e or ), a significant imbalance in transverse energy (FKr) arising
from a neutrino, and two or more jets. It comprises searches for multiple signal processes,
WH — twbb, H - WW — flvjj , and VH — VWW — flvjjjj (where V. = W or
7). Leading order Feyman diagrams describing three main signal processes are shown in
Fig. 2.11. In the W H — fvbb process, the Higgs boson is produced via associated production
with a W boson, then the Higgs boson decays into a b-quark pair and the W boson decays
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Figure 2.10: Feynman diagram of ZH — ££bb signal.

into a charge lepton and a neutrino. The Higgs boson in the H — WW™ — {vjj process is
produced by either gluon-gluon fusion or VBF process and decays into a pair of W bosons,
then one W boson decays to a charged lepton and an associated neutrino, the other W boson
decays to a quark-antiquark pair that hadronizes into two jets of particles. In the VH —
VWW — fvjjjj process, the Higgs boson is produced via associated production with a
weak boson V' and decays into a pair of W bosons, and then one W boson decays leptonically
into a charged lepton and a neutrino, the other two weak bosons decays hadroncally into
four jets. A small contribution to the Higgs boson sinal coming from ZH production and
from the decay H — ZZ when one of the charged leptons from the Z — ¢¢ decay is not
identified in the detector is also consider in this analysis.

The three main Higgs boson production and decay channels considered in the fvjj
analysis are sensitive to different hypotheses for Mg, the WH — (vbb process is more
sensitive to the low mass region, while the H — WW — fvjjand VH — VWW — fvjjjj
processes are more sensitive to the high mass region, but contribute some senstivity at
lower masses through decays piercing a virtual W boson. Therefore, the [rjj analysis is
performed the search in the mass range 90 < My < 200 GeV.

2.4.2 Background in ZH — £¢bb and fvjj Analyses

Searching for the SM Higgs boson is challenging, because its primary decays are similar to
prodigious backgrounds at hadron colliders. There are two types of background processes

that are considered in ZH — £¢bb and fvjj analyses:

e The physics background processes, W + jets, Z + jets, top-quark pair, single-top and
diboson productions, are simulated by Monte Carlo (MC).

e The instrumental background from multijet events is estimated through control sam-

ples in the data.
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(a) WH — fvbb

(b) H— WW — fvjj

(c) WH - WWW — tujjjj

Figure 2.11: Feyman diagrams of the main SM Higgs signals in £vjj analyses.
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The Z + jets, top-quark pair, diboson production and multijets are background processes
contribute in both the ZH — ¢¢bb and fvjj analyses. For the fvjj channel, the production
of a W boson in association with jets and single top production are considered as two

dominated backgrounds.

W + jets and Z + jets

The largest contribution to the background in the fvjj channel comes from W + jets events
where the W boson is produced in association with quarks or gluons with the W boson
decaying leptonically and the quarks or gluons hadronizing into jets. The W + jets sample
can be split into W + LF and W + HF where the jets are initiated from light flavor quark

(u, d, s) and heavy flavor quarks (¢, b), respectively.

q

<

<I

(a) W + jets (b) Z 4+ jets
Figure 2.12: Feynman diagrams for W + jets and Z + jets background

The most dominant background in the ZH — /#¢bb channel arises from the Z + jets
process. Similar to W + jets, the Z + jets events are categorized in Z 4+ LF and Z + HF.
The Z + jets events, where one charged lepton from Z boson decay is lost to detection,
can also mimic expected signal signatures in the fvjj channel. In fact, the second largest
background in the ¢rjj channel comes from those Z + jets events. Feyman diagrams shown

in Fig. 2.12 are examples for W + jets and Z + jets processes.

Top Pair Production

A leading order Feyman diagram of top pair production (¢f) is shown in Fig 2.13. The
tt events can be background candidates for the ZH — £¢bb channel when both W bosons
decay leptonically. The tt events can also contribute background to the fvjj channel in the

case that one W boson decays leptonically.

Single Top Production

The top quark in single top events is produced via electroweak interaction either from a
s-channel or t-channel process as shown in Fig. 2.14 The top quark decays almost 100% of

the time to a bottom quark and a W boson. To make a contribution to the background
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Figure 2.13: Feynman diagram for top pair production

of the fvjj channel, the W boson in the final states of top quark production must decay
leptonically.

(a) s-channel (b) t-channel

Figure 2.14: Feynman diagrams for single top production

Diboson Production

A pair of weak bosons, WW , W Z or ZZ, are produced via diagrams as shown in Fig. 2.15.
The diboson events can be background candidates for both ZH — £¢bb and fvjj channels

when at least one of the boson decays leptonically.

Multijet

The only background in ZH — £¢bb and fvjj channels that is not simulated by MC is the
multijet background. The multijet events are produced via the strong interaction and do
not contain any isolated charged lepton (Fig. 2.16), but they still can pass the selection

criteria and mimic expected signal signatures in the cases that:
e A jet is misidentified as an electron.

e A photon is misidentified as an electron.
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(c) ZZ

Figure 2.15: Feynman diagrams for diboson production

e A lepton from decay products of a jet is identified as an isolated lepton.

The description of multijet processes is not precisely modeled by MC, therefore, a data-
driven method is used to determine this background. Details about techniques used to

derive this background are presented in Sec. 5.5.

Figure 2.16: One of tree level Feynman diagrams for a multijet process

2.4.3 Analysis Procedure in ZH — ££bb and fvjj Channels

Event selection

Searching for the Higgs boson in both ZH — ¢¢bb and fvjj analysis begin with selecting

events based on corresponding signal topologies as well as the kinematic differences between
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signal and background. The selection criteria are designed to maximize both the signal

acceptance and background suppression in each channel.

Background estimation

After applying selection criteria, detailed studies of simulated background samples and es-
timated multijet background are necessary to ensure that data are well described by the
SM processes that dominate the selected events. Both shape and normalization of the mul-
tijet background are estimated from data. Corrections to background for the discrepancies
between data and simulation are derived separately for each channel. These are described
in detail in Sec. 5.6.

Tagging for b-quark jets

The b-tagging technique is applied in both channels to identifying jets originating from
b-quarks. It is used to enhance the signal and suppress background in ZH — £¢bb channel.
Considering the differences in signal compositions of different signal processes, the b-tagging
requirements are used in fvjj channel to divide data into sub-channels (WH — (vbb,
H—WW — vand WH — WWW — lvjjjj) to improve the signal sensitivities.

Multivariate analysis

Based on the differences in kinematics between signal processes and various background
processes with the same final state, a number of physics quantities that have the potential
of discriminating signal from background are identified. Studies to evaluate the discrim-
inating power as well as the agreement between data and total simulated background in
the distribution of those kinematic variables are carried out in both ZH — £¢bb and fvjj
channels. The ZH — £¢bb analysis exploits a special technique, namely a “kinematic fit”,
to improve the discriminating power of important variables. Finally, a list of good variables
is selected for each channels.

Multivariate Analysis (MVA) techniques are employed to incorporate discriminating
information from all selected variables into a single powerful discriminant to separate sig-
nal from background events. A boosted decision tree (BDT) implemented with the TMVA
package [47] and a random forest decision tree (RF) [48] implemented in the STATPATTERN-
RECOGNITION (SPR) [49] package are two MVA techniques used in fvjj analysis. The RF
method and Matrix Element method, in which the final signal discriminant is built from
calculated probabilities of each observed event being from a signal or background process,

are applied in the ZH — £0bb analysis.
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Assessing systematic uncertainties

The impact of systematic uncertainties on the shape and normalization of the MVA output,
the final discriminant distributions, for signal and each background process are assessed.
Correlations of each source of systematic uncertainty across all subsamples in each channel

are also considered.

Extracting the Higgs boson search results

The MVA output distributions in each channel along with associated systematic uncertain-
ties are used as inputs for the procedure of setting the upper limits on the SM Higgs boson
production cross section multiplied by the corresponding branching fraction in units of the
SM prediction. The 95% C.L. upper limits are determined on the Higgs boson production
cross section in the ranges of 90 < My < 150 GeV and 90 < My < 200 GeV for ZH — £0bb
and fvjj channels, respectively, in steps of 5 GeV. The search in the fvjj channel is also
interpreted in the context of fermiophobic and fourth generation models.

The analysis procedure in both ZH — £¢bb and fvjj channeles will be described in
this thesis. Research procedures where the author of this thesis mainly contributed will
receive more detailed discussion. For the fvjj channel, the thesis focuses on the process of
background estimation, optimizing the MVA for the sub-channel H — WW — puvjj and
the SM Higg boson search results, as well as interpretation in the fermiophobic and fourth
generation models in this sub-channel. For the ZH — ¢¢bb channel, the thesis focuses on
the kinematic fit process and Matrix Element approach in discriminating Higgs boson signal
from backgrounds. The main Higgs boson search results in ZH — ¢¢bb and fvjj channel are
published separately in Refs. [50] and [10]. The Higgs boson searches in these two channels
are also combined with searches in other channels at the D@ and CDF experiments and the
combined results published in [12] and [13].
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The Experiment

3.1 The Tevatron

The Fermilab Tevatron is the world’s highest energy proton-antiproton (pp) collider with
center-of-mass collision energy /s = 1.96 TeV. Providing beams of such high energy requires
a complex accelerator chain to produce and accelerate particles. A diagram depicting the

Fermilab accelerator chain is shown in Fig. 3.1 [51].

FERMILAB'S ACCELERATOR CHAIN

MAIN INJECTOR

TEVATRON

/ TARGET HALL

ANTIPROTON
. _SOURCE

— BOOSTER
LINAC

N
COCKCROFT-WALTON

Antiproton  Proton
Dirsetion  Direction
—

NEUTRING

Figure 3.1: Fermilab accelerator chain

At the first step, hydrogen gas is ionized into electrons and protons by electric pulses in
an ionization chamber. The released protons strike a negative electrode coated with cesium
in the chamber and produce hydrogen ions, (H™). The H™ ions are focused toward the

Cockcroft-Walton pre-accelerator and accelerated to 750 keV. They are then steered to the
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linear accelerator (Linac) where they are accelerated to 400 MeV and grouped together to
form bunches spaced 5ns apart by the oscillating electric fields of radio frequency (RF)
cavities.

Leaving the Linac, the 400 MeV H ™ ion beam is injected into the Booster, a synchrotron
accelerator, through a carbon foil where the two electrons are stripped off from each H~
ion, leaving a beam of bare protons. The magnetic field in the Booster bends the trajectory
of the protons making them move along the ring and the energy of protons is boosted from
400 MeV to 8 GeV by RF cavities. The 8 GeV beam of protons then goes to a transfer line
that leads to the Main Injector.

A part of the proton beam injected in the Main Injector is accelerated to 120 GeV
for creating antiprotons and the remainder is accelerated to 150 GeV for feeding into the
Tevatron. Antiprotons are produced by colliding the 120 GeV proton beam on a fixed
nickel target at the rate of about one antiproton created for each 10° incident protons
on the target with a wide energy spectrum and a large angular spread. The outgoing
antiproton beam is focused by magnetic lenses and undergoes a “cooling” process which
shrinks the kinetic energy spectrum of the beam to a mean value of 8 GeV. The antiprotons
are then accumulated and formed into 36 bunches of about 3 x 10'° antiprotons before
being transfered back into the Main Injector. This 8 GeV antiproton beam is subsequently
accelerated to 150 GeV together with 36 bunches of about 3 x 10! protons and injected

into the Tevatron.

Bunch 21 buckets
\ ™ Tramn

139 buckets
A \

L

Abort Gap

Figure 3.2: The structure of proton and antiproton beams.

The last stage of the Fermilab accelerator chain is the Tevatron, a circular synchroton
with a 1km radius. It receives the 150 GeV proton and antiproton beams from the Main
Injector and accelerates them to 980 GeV. The structure of the proton and antiproton
beams in the Tevatron is shown in Fig. 3.2, where 36 bunches are grouped in 3 “trains”
of 12 bunches [52]. The spacing between bunches within a train is 396 ns and the 3 trains
are separated by 2.64 us. The proton and antiproton beams follow separate helical paths

throughout most of the beam ring and are shifted to collide at two interaction regions
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located around the centers of the D@ and CDF detectors. To enhance the interaction rate,

quadrupole magnets are used to focus the beams at each collision region.

3.2 The DO Detector

Two detectors, CDF and D@, were built around two collision regions of the Tevatron
to record and study the outcome of pp collisions. The design and performance of the
DO detector, used to collect the data presented in this thesis, are described in detail in
Refs. [53, 54, 55, 56]. The major components of this multipurpose detector are shown in
Fig. 3.3 and listed from the innermost to the outermost location from the beam pipe as

follows:

e Central tracking system
e Preshower detector
e Calorimeter

e Muon system
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Figure 3.3: Cross sectional side view of the D@ detector.

The major components of the detector as well as the triggering and data acquisition systems

will be briefly described in the next sections.
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3.2.1 Coordinate System

In the detector description and data analysis we use a right-handed coordinate system which
has z-axis along the direction of proton beam and the y-axis pointing upward as in Fig. 3.3.
The (z,y) plane is transverse to the derection of the colliding beams. The angles 6 and ¢ are
the polar and azimuthal angles, respectively, and the r coordinate denotes the perpendicular
distance from the z-axis.

The pseudorapidity, defined as n = —ln(tan%), is commonly used in experimental par-
ticle physics as a spatial coordinate. The pseudorapidity of a particle approximates its
Lorentz-invariant rapidity, which is defined in terms of energy (E) and longitudinal mo-

mentum (p,) of the particle as y = %ln(tangfgz), in the limit that its invariant mass is

much less than its energy m/E — 0. If the n quantity is calculated with respect to the
center of the detector, it is called detector eta and denoted as ng4e;. If the 1 quantity of a
particle is calculated based on its reconstructed trajectory from the beam axis, it is called

physics eta and denoted as 7.

3.2.2 Central Tracking System
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Figure 3.4: Schematic view of the central tracking system.

The central tracking system of D@ detector consists of the Silicon Microstrip Tracker
(SMT) and the Central Fiber Tracker (CFT) embedded in a 2 T magnetic field provided
by a superconducting soneloid. The magnetic field bends the path of the charged particles
created from the pp collisions and the charged particles interact with the SMT and CFT
leaving patterns of hit points. The two tracking detectors record the tracks of the charged
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particles with [n4e| < 3 and locate the pp primary interaction vertex with a resolution of
about 35 um along the beamline. A schematic view of the central tracking system is shown
in Fig. 3.4.

Silicon Microstrip Tracker

Located closest to the beam pipe, the SMT is designed for tracking charged particles near
the interaction points with a high resolution. It is constructed from six silicon barrels,

twelve F-disks and four H-disks as shown in Fig. 3.5.
12 F-Disks

. 6 Barrel
4 H-DIS.kS sections/modules
(forward, high-n)

Figure 3.5: Isometric view of the silicon microstrip tracker.

The central region of the SM'T comprises six barrels which are arranged along the beam
axis with the centers at |z| = 6.2, 19.0, 31.8 cm. Each barrel s capped at high |z| with an
F-disk and has four silicon readout layers, which are set at the distance 2.7, 4.5, 6.6 and
9.4 cm with respect to the beam pipe. An unit of three F-disks is assembled on each side
of the central region. In the far forward region of the SMT, four H-disks are installed at |z|
= 100.4 and 121.0 cm to provide tracking information at high |nge|.

In 2006, an inner layer called Layer 0 was inserted between the innermost layer of the
barrels and the beam pipe to improve tracking resolution and to compensate for radiation

damage at the first silicon layer of the barrels [57].

Central Fiber Tracker

The CFT consists of scintillating fibers arranged in eight concentric cylinders and occupies
the radial space from 20 to 50 cm from the beam axis. Waveguide fibers are coupled to scin-
tillating fibers to transfer the scintillating light produced by an incident charged particle
to visible light photon counters (VLPCs) for read out. The CFT provides additional infor-
mation to determine the momentum of charged particles and reconstruct tracks in region
Ndet| < 2.5.
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Solenoid Magnet

To improve the detector performance, a superconducting solenoidal magnet was installed
in the available space between CFT and the calorimeter: 2.73m in length and 1.42m in
diameter. In order to optimize the momentum resolution and tracking pattern recognition
the solenoidal magnet was designed to create a central magnetic field of 2 Tesla. The magnet
operates stably at either polarity and the polarity of the magnetic field in the tracking system

is frequently reversed to reduce any detector asymmetry effects.

3.2.3 Preshower Detectors

Preshower detectors are made of thin layers of scintillator strips interspersed with lead ra-
diators. They are placed in front of the calorimeter and function as tracking detectors as
well as calorimeters. They help with electron identification and background rejection during
both triggering and offline reconstruction by enhancing the spatial matching between tracks
and calorimeter showers. Since particles like electrons and photons may interact with ma-
terials in the solenoid and create electromagnetic showers before entering the calorimeters,
having the preshower detector in front of calorimeters improves energy reconstruction in
the downstream calorimeters.
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Figure 3.6: Location of major components of the D@ detector.

The DO preshower detectors including the central preshower detector (CPS) located

between the solenoid and the central calorimeter and two forward preshower detectors (FPS)
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mounted on the end calorimeter are shown in Fig. 3.6. The CPS detector covers the central

region |nget| < 1.3 and the two FPS detectors cover the forward region 1.5 < |nge] < 2.5.

3.2.4 Calorimeter System

The DO calorimeter system was designed to assist in identification of electrons, photons, and
jets, as well as provide energy measurements of those objects, and measure the transverse
energy imbalance in events. The system consists of three sampling calorimeters located in
separate cryostats, the central calorimeter (CC) and two end calorimeters (EC), and an
intercryostat detector (ICD) (see Fig. 3.6). An illustration of the three main calorimeters is
shown in Fig. 3.7(a). The central calorimeter covers the region |n4.:| < 1 and the two end
calorimeters extend the coverage to |n4e¢:| < 4. In the transition region 1.1 < |nget| < 1.4
between CC and EC cryostats, calorimeter coverage is supplemented by the intercryostat
detector (see Fig. 3.7(b)).

END CALORIMETER
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Figure 3.7: Overview of the D@ calorimeter.

Central Calorimeter and End Calorimeters

Particles created from pp collisions traverse material in calorimeters and lose their en-
ergy through different interaction processes resulting from the electromagnetic and strong
forces [58]. The types of energy-loss mechanisms that play a role depend on the nature and
the energy of the particle. Bremsstralung from electrons and the e™e™ pair production from
photons are the dominant physics processes governing high-energy electromagnetic showers
initiated by electrons, positrons or photons. Meanwhile, the hadronic showers initiated by
high energy hadrons subject to strong interactions develop based on nuclear interactions.
Differences in the primary interactions giving rise to electromagnetic and hadronic showers
have crucial consequences in the development of the showers. The longitudinal length and
lateral spread of electromagnetic showers are governed by the radiation length (Xg), which
mainly depends on the electron density of the material, while the dimensions of hadronic

showers depend on the nuclear interaction length (A;:), which depends mainly on nuclear



3. THE EXPERIMENT 93

geometric cross sections [59]. The radiation length and nuclear interaction length for the

absorber materials used in the D@ calorimeter are listed in Table 3.1.

Material Xo (cm) Aint (cm)
Uranium 0.32 11.03
Copper 1.45 15.32
Iron (steel) 1.76 16.77

Table 3.1: The radiation length (Xy) and nuclear interaction length (\;,;) for the absorber
materials used in the D@ calorimeter.

In order to have good energy resolution for electromagnetic and hadronic showers as
well as to improve the performance of particle identification, each of the D@ calorimeters
is segmented in two main parts: the electromagnetic (EM) section for measuring electrons
and photons, and the hadronic section for measuring particles that pass through the EM
section, but range out within material in hadronic sections. The hadronic section in the
CC is subdivided further in the fine hadronic (FH) and the coarse hadronic (CH) sections.
Liquid argon is used as the active material for all parts of calorimeters, but different absorber
plates are used in different parts of the calorimeters to optimize measurements of different
types of particles. Thin plates (3mm for CC and 4 mm for EC) of depleted uranium are
used in the EM sections, 6 mm thick plates made of uranium-niobium (2%) alloy are used
in FH sections, and 46 mm thick plates made of copper or stainless steel are used in the CH
sections of CC and ECs, respectively. The shower leghth of an incident electron with energy
as high as ~300GeV in the EM section is about 7Xy, therefore, the DO electromagnetic
calorimeter is a very compact device. The EM section is approcimately 20.0 X (21.4 Xg)
thick in the CC (EC) region. In the CC, the FH section is about 3.1 A\j,¢, and in the EC it
ranges from about 3.6 A\j to 4.4 A\j;. The CH calorimeter ranges from 3.2 Aj¢ to 6.0 Ajpy
in depth.

The calorimeters are constructed from groups of readout cells ganged together as indi-
cated by shaded pattern (Fig. 3.7(b)). Each typical unit cell consists of an absorber plate,
a signal board and liquid argon filled in the gaps (see Fig. 3.8). The absorber plates are
grounded, while the resistive surfaces of the signal boards are connected to positive voltage
(~ 2kV) that serve as high voltage electrodes for the gap. The charges liberated from
ionizing liquid argon by secondary particles in the showers are collected by the electrodes.
Collected charge is then converted into detectable signal.

Several readout pads at approximately the same 74.; and ¢ are linked together to make
a readout cell. The transverse size of readout cells is comparable to the transverse size of
the showers ( ~ 1-2 cm for electromagnetic showers and ~ 10 cm for the hadronic showers).
The readout cells are then arranged in layers to form towers along lines projected from the
center of the interaction region as shown in Fig. 3.7(b). The arrangement and thickness of

layers of readout cells are different for the central and end calorimeters.
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Figure 3.8: Schematic view of a calorimeter cell.

e Central Calorimeters

The EM section has four layers with thickness of 1.4, 2.0, 6.8 and 9.8 X,, counting
from the innermost part of the CC. There are three layers with thickness of 1.3, 1.0,
and 0.76 \;+ in FH section, and a single layer with thickness of about 3.2 A\;,; in CH

region.

¢ End Calorimeters

The EM section of each EC also have four layers of readout cells with thickness of
1.4, 2.0, 6.8 and 9.8 X,,, in order from innermost layer to the outermost layer. The
hadronic section of the EC is separated in three regions: the inner hadronic, the
middle hadronic and outer hadronic, as shown in Fig. 3.7(a). Each of the inner and
middle hadronic regions is segmented into fine hadronic and coarse hadronic sections,
while the outer hadronic region just has the coarse section. The inner hadronic region
includes four 1.1 A;,; thick layers in the FH section and one 4.1 )\;,; thick layer in
the CH section. The middle hadronic region includes four 0.9 A;,,; thick layers in the
FH section and one 4.4 \;;,; thick layer in the CH section. The CH section in outer

hadronic region has only one layer with the thickness of 6 Aj,¢.

Intercryostat Detector

The gaps between CC and EC cryostats along with the presence of substantial unsampled
materials used to make cryostat walls degrade significantly the energy resolution in the
pseudorapidity region 0.8 < |14¢¢| < 1.4. To address this problem, the intercryostat detector
consisting of scintillating tiles is added to sample shower energies between cryostats. The
scintillating tiles are attached to the exterior surfaces of the end cryostats covering the
1.1 < |nget| < 1.4 region. Location of the ICD in the DO detector can be seen in Fig. 3.6.

3.2.5 Muon System

As electrons, muons lose their energy through only electromagnetic processes when passing

through matter. However, compared to electrons, the cross section for Bremsstrahlung is
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suppressed by a factor of (%‘6‘)2 ~ 4 % 10%. The dominant energy-loss mechanism for muons
at energies below 100 GeV is the ionization process. In fact, muons can penetrate through
the DO detector without producing a shower in the calorimeter and only deposit about 3
GeV on average.

The DO muon detection system is designed for identification of muons produced in
pp collisions and determination of their trajectories and momenta. It resides beyond the
calorimeter and consists of a toroidal magnet and three layers of muon drift chamber and
scintillation detectors. The first layer is before the toroidal magnet and two similar layers of
detectors are after the magnet. The muon system is divided into a central section providing

the coverage for |nge:| < 1.0 and the forward section extending the coverage to |nge:| < 2.0.

Toroidal Magnets

The toroidal magnets generating a 1.8 T magnetic field are visible in Fig. 3.3. They allow
measurement of the muon momentum independent of the tracking system. This measure-
ment is useful for setting a low-pp threshold in the Level 1 muon trigger (described in
Sec. 3.2.7), providing a cleaner matching of muons with central detector tracks, rejecting

m/K decays, and improving the momentum resolution for high momentum muons.

Muon Drift Chambers

The central muon system is equipped with proportional drift tubes (PDTs), while the
forward muon system uses smaller, faster mini drift tubes (MDTs). The arrangement of
three layers composed of PDTs and the MDT is shown in Fig. 3.9. The innermost layer,
layer A, located between the calorimeter and the toroidal magnets allows measurement of
the muon direction before entering the toroids. The other two layers (B and C) reside
outside of the magnets and provide measurements of the muon track after being deflected
by the magnetic field in the toroids.

For the central muon system, there are four PDT planes in an A layer chamber and
three PDT planes in B or C layer chambers. The PDTs are formed from aluminum cells
filled with a mixture of gases (84% argon, 8% methane, and 8% CF,). Cathode pads are
inserted into the top and bottom of each cell and the anode wire is held near the center of
the cell. When muons go through cells and ionize the gas, the ions are collected by cathode
pads and the freed electrons move toward the anode wires. The electron drift velocity is
approximately 10cm/us, resulting in a maximum drift time of about 500ns. The muon
coordinate along the wire is measured by a combination of cathode pad signal and timing
information from anode wires [53].

For the forward muon system, the MDTs are chosen for the purpose of muon track
reconstruction. They are also arranged in three layers A, B and C of muon chambers as the
structure of central muon system. The MDT system is operated with a CF4 — CHy (90% -

10%) gas mixture. The maximum drift time for tracks is between 40 - 60 ns, depending on
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Figure 3.9: Exploded view of the muon wire chamber.
the track direction.

Muon Scintillating Detectors

Scintillating detectors are installed in both central and forward muon sections for trigger-
ing and providing timing information to reject background. The exploded view of muon
scintillating detectors is shown in Fig. 3.10.

The cosmic cap and bottom counters are installed on the top, sides and bottom of the
outer layer of the central muon PDTs. They provide a fast timing signal to associate a
muon in the PDTs with the appropriate bunch crossing and discriminate against cosmic
ray muons. The A¢ scintillation counters (see Fig. 3.10) covering the A layer PDTs function
as a fast detector for identifying and triggering on muons as well as for rejecting out-of-time
background events.

The forward scintillation counters are arranged into three layers and mounted close
to the MDT layers. The counters were optimized to provide good time resolution and
amplitude uniformity for background rejection, and high muon detection efficiency.

Having to leave space for detector supports and readout electronics, the muon detector
coverage in |nget| < 1.6 region is limited over the ¢ angle, leaving a poorly instrumented
region in —2 < ¢ < —1.2 (phi-hole).
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Figure 3.10: Exploded view of the muon scintillating detectors.

3.2.6 Luminosity Monitor

The Tevatron luminosity at the D@ interaction region is determined by detecting inelastic
pp collisions with the luminosity monitor (LM). The luminosity detector consists of two
arrays of 24 scintillating counters located in front of the end calorimeters at z = £140 cm
and covers the pseudorapidity range 2.7 < |n| < 4.4 (Fig. 3.11).

The instant luminosity £ is calculated from the average number of inelastic collisions

per beam crossing Ny measured by the LM:

_ fNLM
OLM

L (3.1)
where f is the pp buch crossing frequency and oy ;s is the effective cross section for pp inelastic
collisions measured by the LM that takes into account the acceptance and efficiency of the
LM detector. The total luminosity accumulated for a period of data-taking is calculated by
integrating the instant luminosity over time.

In order to measure luminosity accurately, it is important to distinguish pp interactions
from the beam halo background. The process of excluding beam halo background is obtained
by precise time-of-flight measurements of particles traveling at small angles with respect to
the beams and setting a cut on the quantity z calculated from the difference in time of
flight:

= g(t, —ty) (3.2)

where t_ and t; are the times of flight measured for particles hitting the LM detector
placed at z = +£140 cm. If the particles come from beam halo background, z ~ +140 cm.
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For pp interactions, the z value represents the z coordinate of the interaction vertex and
is less than 30 cm for most inelastic collisions. The requirement of |z| < 100 cm effectively

eliminates the beam halo background.

Proton Direction

LM ‘——1:]“= 2.7
Endcap Silicon Tracker _.----1"
Calorimeter \ - n=4.4
H‘ 7)) — — Beam Pipe

-140 cm

140 cm

(a) Location of LM detector

(b) Geometry of LM counters

Figure 3.11: Schematic drawings of the luminosity monitor.

3.2.7 Trigger and Data Acquisition Systems

The interaction rate delivered by the Tevatron at the D@ interaction region has approached
~ 2MHz. Therefore, it is critical to have efficient trigger and data acquisition systems to
select and record only interesting physics and calibration events. The very high selectivity
(~1:10°) for recorded events at the D@ detector is achieved through a sequence of three
trigger levels of increasing restrictivity and refinement. The recorded data can be then
described by the logical “AND” and “OR” of several trigger conditions. A block diagram
of the DO trigger and data acquisition systems is shown in Fig. 3.12.

Level 1 trigger

The Level 1 trigger (L1) serves as the first pass in data selection. It uses coarse information
from the sub-detector systems to provide a trigger accept rate of about 2 kHz. The flowing
of the data stream through the L1 trigger system is illustrated in Fig. 3.13. The Level

1 calorimeter trigger (L1CAL) looks for energy deposition pattens with transverse energy



3. THE EXPERIMENT 99

Detector L1 Buff L2 Buft
Data 1.7MHz utters o kHz UHers 4 kHz L3 Level 3 [5°HZ [Online
i > : DAQ Trigger Host
: oL : L2
+ | Accept v \ Accept A A ‘
Level 1 | Level 2 . Tape
Trigger ! Trigger : Storage
Trigger Framework : COOR

Figure 3.12: Overview of the D@ trigger and data acquisition systems.

above certain thresholds. The Level 1 central track trigger (L1CTT) looks for hits in
the fiber tracker from charged particles which are consistent with predefined models of
tracks. The Level 1 muon trigger (L1Muon) uses the hits from muon wire chambers, muon
scintillation and the reconstructed tracks obtained in L1ICTT to find patterns consistent

with muons.
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> N i
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Figure 3.13: The DO L1 and L2 trigger systems.

The trigger framework (TFW) combines information from each of the specific L1 triggers
and makes the decision on whether to select an event for further examination. The TFW
is also responsible for applying trigger prescales, which allows removal of events randomly

in order to accommodate the recording bandwidth.
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Level 2 trigger

In the second stage, the Level 2 trigger (L2) uses data collected from L1 triggers and different
sub-detectors to construct a global trigger decision based on individual objects as well as
object correlations. The L2 system reduces the trigger rate by a factor of about 2 and has
an accept rate of approximately 1 kHz.

Since the average available time to examine an event is longer than in L1, more complex
algorithms can be used and a fast reconstruction of electrons, photons, and jets can be
performed in L2. The calorimeter preprocessor system (L2Cal) identifies jets, electrons,
photons and calculates the imbalance of transverse energy in an event. The requirements on
tracks are tighten by combining tracking information obtained from L1CTT and associated
SMT hits to fit the track parameters. At this level, the py measurements are also refined by
using L1CTT output and additional hit and track information than is available at L1. The
muon Level 2 trigger (L2Muon) combines the L1Muon output with data from wire chambers
and scintillation counter to improve the precision of the track pr, n and ¢ coordinates and
timing information of muon candidates. Global physics objects are created and correlations
between objects are examined before trigger decisions are made and events are passed to
Level 3.

Level 3 trigger

While L1 and L2 trigger systems rely to a large extent on hardware and firmware elements,
the Level 3 (L3) trigger is a fully programable software system. The L3 trigger performs a
limited reconstruction of events through object-specific software algorithms (such as L3 jet,
L3 electron, L3 muon, L3 tracking and L3 missing transverse energy), and reduces the event
rate to about 50 Hz. The L3 processing is accomplished by a Linux-farm of about 300 nodes,
each with multiple CPU’s. When an event is accepted by the L2 trigger, event fragments
are sent to the same farm node where they are collated into a complete event available to
L3 trigger filter processes. L3 trigger decisions are made based on complete physics objects
as well as on correlations between them. Events satisfying L3 trigger requirements are sent
to the host cluster to be recorded on tapes in periods of 2 — 4 hours and make sequential

“runs” of raw data.

Data Acquisition System

Run control and detector configuration are handled by the central coordination program
(COOR) of the data acquisition system. When a new run starts, general trigger and run
requests are delivered to COOR which sends out necessary commands to the trigger systems
to carry out those requests. After passing L3 filters, event data are collected by the online
host system and distributed to logging and monitoring tasks. To take high quality data
efficiently, multiple monitor programs are attached to the data acquisition system to quickly

spot problems with subdetectors in real time. Event data is examined carefully in the DO
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detector control room and if there is any problem in the detector performance which appears
to effect the data quality, related events are tagged at “bad” by the data quality group and
removed from further processing. The monitored event data identified with run number and
event number is recorded on tape and used for different analyses by the D@ Collaboration.
The data set analyzed in this thesis corresponds to 9.7fb~! of integrated luminosity and
was collected with the D@ detector between March 2001 and September 2011 (Run II).
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4

Event Reconstruction

During online data taking, the event data is written on tape from the readout of electrical
signals coming from all parts of the detector. Information such as pulse heights, temporal
widths and arrival times of those signals in the recorded data must be translated into
properties of physics events, so that they can be used to perform all D@ analyses. A
sophisticated program called D@ Offline Reconstruction (DORECO) uses a wide variety of
algorithms to reconstruct physics objects from the raw detector data [60]. An overview of
the DORECO program along with techniques and algorithms used for identifying physics

objects will be described in the following sections.

4.1 The DORECO Program

The process of reconstructing events in the DORECO program is structured in three major

steps:

e Reconstructing hits and clusters
At the first step, individual blocks of detector data are decoded and electronic channels
are associated with sub-detectors. The information obtained from calorimeter and
preshower detectors is then used to reconstruct clusters of calorimeter towers with
energy deposits, and the information obtained from the tracking detectors is used to

reconstruct the “hits”.

e Tracking and vertex finding
The second step of DORECO focuses on reconstructing global tracks of particles
from the hits in the SMT and CFT detectors. The tracking information is then
used in searching for primary vertex (PV) candidates, which indicate the locations
of pp interaction points. Displaced vertex candidates associated with the decays of

long-lived particles are also identified.

e Particle identification

The final step of DORECO combines the information from each of preceding recon-
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struction steps to produce objects most associated with physics analysis. Candidates
of physics objects, such as electrons, photons, muons, jets and missing transverse en-
ergy, are created based on clusters of energy, track and vertex objects. This step is

essential for a successful translation of the data into physics results.

4.2 Particle Identification

4.2.1 Electron Identification
Reconstruction and identification criteria

Being electrically charged and having a relatively low mass, electrons traversing the DO
detector are expected to leave tracks in the central tracking detectors (SMT and CFT) and
deposit most of their energy in the EM calorimeter. Therefore, the reconstruction of electron
candidates typically proceeds in two stages: a cluster is formed in the EM calorimeter, and
subsequent confirmation is sought from the tracking information. Clusters of energy from

EM towers are formed with a simple cone algorithm as follow:

e Start with EM towers having Er > 0.5 GeV, ordered by decreasing Fr and use them

as seeds for clustering.

e Centered at each seed tower, all neighboring towers having E7 > 0.05 GeV within the
cone of radius AR = 0.3 ! are grouped together. If the total electromagnetic energy
of the group of towers within the cone of radius 0.3 satisfies the requirement of being
higher than 1 GeV, all towers within AR = 0.4 are added to form an EM cluster.

e The process is repeated with the highest- EF1 tower not previously assigned to cluster.

To be identified by the reconstruction program as an electron or photon candidate, the

above EM cluster must pass two additional preselection requirements:

e The cluster is required to have more than 90% of its energy confined in the EM
calorimeter. The EM fraction (EMfrac) is defined by the ratio of the energy deposited
in the EM calorimeter (Egys) to the total energy (Eyy) including the energy deposited
hadronic calorimeter, EM frac = % The requirement of having EM frac >
0.9 removes most of candidates caused by hadronic showers, while retains most true

electrons and photons.

e Exploiting the characteristic that EM showers are more narrow than the hadronic
showers, the isolation of EM clusters is examined through the Iso variable which is

defined as the fraction of calorimeter energy in the isolation region bound by the outer

!The radius of the cone AR is defined as AR = /(An)2 4+ (A®)2, where An and A® correspond to the
sizes of the cone in azimuthal angle and pseudorapidity, respectively.
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cone of radius AR = 0.4 and the inner EM cone of radius AR = 0.2 to the energy of

the EM cluster:
B E10:(0.4) — Egp(0.2)

Iso =
Egn(0.2)

The preselection requirement of having iso < 0.2 retains more than 98% of electrons,

(4.1)

while significantly reducing the background from jets.

Since photons do not leave tracks as do charged particles, electrons candidates are dis-
tinguished from photons by the presence of central tracks associated with EM clusters
and pointing to the primary vertexes. A central track is considered to be matched with
an EM cluster when it has transverse momentum pp > 1.5 GeV within the window of
An x A® = 0.5 x 0.5 around the centroid of the EM cluster. If multiple tracks are found,
the selection is made by choosing the track with the best probability for matching the clus-
ter using the spatial distances between track 77 and calorimeter 7 and between track ¢ and
calorimeter ¢ [61].

In order to further reject spurious electrons while retaining high efficiency for identifying
true electrons, additional selection criteria based on combined information from the tracking
system and calorimeter are applied on top of the preselection requirements. Besides isola-
tion, EM fraction and track-matching variables described above, the following variables are

used in our analyses to design more pure selections [62]:

e IsoHC4: representing the track isolation calculated with the total track pr (for tracks
with pr > 0.5 GeV) in the hollow cone 0.05 < AR < 0.4 around the EM cluster:

AR<0.4 By
rks

TsoH CA — 2=AR>0.05

Egnm(0.2) 42

e SigPhi: describing the shower width of the EM cluster at the third layer of the EM

calorimeter in the (r,®) plane.
e HMatrix: characterizing the lateral and longitudinal shower shapes of EM cluster.

e NN: the output of an artificial neutral network trained with variables describing
energy deposited and the number of hit cells in the first EM layer, the track isolation
and energy deposited in the CPS.

e Lhood8: A likelihood discriminant built from eight quantities characterizing the
shapes of both electrons and background. This is a strong variable in discriminating
between clusters in the EM calorimeter originating from electrons and those from

other processes.

A working point for electron identification (electron ID) is defined by a set of selection
cuts applied on above variables. We have applied different requirements for two regions of

calorimeters (CC and EC), and several electron ID working points considered in our analyses
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are listed in Table 4.2.1 and Table 4.2.1. The eqn.1 (eqn.2) listed in Table 4.2.1 refering to
IsoHC4yax (SigPhip,g,) for the corresponding working points depens on detector 7.

Table 4.1: Electron ID working points in [rjj analysis.

Identification variables CC EC

Loose | Tight || Loose | Tight

EMfrac > 0.90 0.90 0.97 0.97

Iso < 0.15 0.08 0.05 0.06
IsoHC4 < 3.50 2.50 eqn.la | eqn.1b

HMatrix < — 35 10.0 40.0

NN > 0.30 0.90 0.20 1.00

Lhood8 > — 0.20 — 0.65

SigPhi < — — eqn.2 | eqn.2

eqn.la IsoHC4 < 0.01||IsoHC4 < (—2.0 X |np| + 5.0) (4.3)
eqn.1b IsoHC4 < 0.01||IsoHC4 < (—2.5 X |np| + 7.0)
eqn.2  |np| < 2.6 : Sigphi > (6.5 x (|np| — 0.82) "1 — 2.8)
)

eqn.2  |np| > 2.6 : Sigphi > (6.5 x (|np| — 1.35)"" — 2.8

Table 4.2: Electron ID working points in ZH — [lbb analysis.

Identification variables | CC | EC
EMfrac > 0.90 | 0.97

Iso < 0.09 | 0.05
IsoHC4 < 4.00 | —
TrkMatch > 0.00 | —
HMatrix < — | 10.0

NN > 0.40 | 0.20
Lhood8 > — 1 0.20
SigPhi < — 100

Electron identification efficiency

The electron identification efficiency (ID efficiency) of data at each working point is de-
termined using the “tag-and-probe” method based on Z — ete™ candidates having the
di-electron mass within the window of 80 < M. < 100 GeV [62]. The electron ID efficiency

is defined as :
Ntag

€ =
Nprobe

(4.4)

where Np,ope is the number of electron candidates passing the selection cuts relevant to
the working point, and Ni,g is number of electron candidates passing another set of more
stringent selection cuts to reduce the non-Z background and ensure a sample of high purity

electron candidates.
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The electron ID efficiency in MC simulation is calculated similarly based on the Z —
ete™ MC sample and using the same selection cuts as for data. The number of MC events
passing the corresponding set of selection cuts and within the mass window is used to
determine the MC efficiency. The ID efficiency of both data and MC are parameterized as
a function of  and ¢ components of the electron.

To take into account the imperfection in detector simulation, an efficiency correction is

applied to MC samples by scaling the weight of MC events by a factor of %.

Energy calibration correction and resolution

An absolute calibration of the response of the EM calorimeter is derived based on Z — ete™
events considering the boson Z mass as a calibration point. The measured electron energies
consequently are corrected by scaling up so that the mass peak in Z — eTe™ matches the
value determined at the LEP collider. The correction is about 0.5 % and 0.1% in the CC
and ECs regions, respectively.

In general, the energy resolution of a calorimeter or depends on fluctuation in the physical
development of the shower, the electronic noise of the readout system and other instrumental
effects. For a sampling calorimeter as in D@ detector, the fractional energy resolution can
be expressed as [63]: , ,

(ZEp=S e (4.5)
Where the parameters S, E, and C represents different contributing sources to the energy

resolution:

e S represents the stochastic term, which is related to fluctuations, and depends on the

choice of the absorber, active material and the thickness of sampling layers.

e N is related to electronic noise and depends on the features of the readout circuits.

The noise contribution to the energy resolution is dominant at low energy.

e (' represents the constant term, which includes contributions from instrumental effects,
such as non-uniformity of material thickness, non-uniformity in charge collection,

mechanical imperfections, and does not depend on the energy of the particles.

The stochastic term of the electron energy resolution in the D@ calorimeter is determined
by test-beam data, while the noise term is determined by electronics studies and considered
to be 0.29 GeV for both CC and EC regions [64]. The constant term is dominant in the
high energy regime, and is evaluated by using Z — e'Te™ events. It is approximately 4%
(2%) for CC (ECs) region [64].
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4.2.2 Muon Identification

Muons deposit a very small amount of energy (only about few GeV) in the calorimeter
and can traverse the entire D@ detector. Therefore, in principle, muons are reconstructed
based on the tracking information they leave in the muon detector and the central tracking

system.

Muon reconstruction and identification criteria

The muon reconstruction algorithm employed by the D@ Collaboration can be divided into

the following main steps:

e Hit finding
The muon hits (impact positions of muons in the muon system) are determined by

using the scintillator counters and the drift time of the wire chambers.

e Segment reconstruction
The 2D track segments in the plane orthogonal to the toroidal magnetic field are
built by fitting trajectories to hits in the muon wire chambers. And then identified

segments are compared with scintillator hits for timing information on the segment.

e Local muon track finding
Track segments in the A-layer before the toroid and BC-layer after the toroid are
matched to form local muon track if they are consistent with the passage of a particle
through the magnet. For each compatible pair of segments, a local muon track is
reconstructed through a fit taking into account the toroidal magnetic field strength

and multiple scattering in the toroids.

e Matching with central tracking
The local muon tracks are matched to the tracks reconstructed in the central tracking
system to improve the accuracy of the muon kinematic properties. In the matching
process, the tracks are propagated through the calorimeter, taking into account the

inhomogeneous magnetic field, energy loss and multiple scattering.

The identification quality of a muon candidate is defined based on the quality of local
and central muon tracks as well as the isolation of muon from particles originating from
quark fragmentation and other heavy hadron decay products. To reconstruct the candidate
W(— pv) or Z(— ptp~) boson in our analyses, the muon candidates in selected events

are required to fulfill the following criteria:

e Local muon track with medium quality
To be identified as a local muon with medium quality, the muon candidate must have
at least one scintillator hit and two wire hits in the A layer as well as in BC layers. A

veto against cosmic muons was imposed by demanding that the scintillator hit times
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in the A and BC layers be consistent with the travel time for a particle moving at the

speed of light from the primary vertex (|t4l, |[tpc| < 10ns).

o (Central muon track with medium quality
The selected muon candidates are required to have matched tracks in the central
tracking system with medium quality. A central track is defined as “medium” if (i)
the track distance of closest approach to the beam axis |dcal is less than 0.04 cm and
the track contains SMT hits or |dca| < 0.02cm for the track without SMT hits, (ii)
it has at least two hits in the CFT, and (iii) x*/Npor < 4 where x? is the result of
the fit used for reconstruction of the track in the central tracking system and Npop

is the number of degrees of freedom in the fit.

e Loose or tight isolated muon
Muons coming from leptonic decay of W or Z bosons tend to be isolated from jets,
while muons originating from decays of heavy hadrons are typically non-isolated due to
fragmentation products of hadronic decay. Five discriminating variables were formed

to select isolated muons:

The distance in the (7, ¢) space of the muon to the nearest jet with pp > 15 GeV,
AR(p, jet) = \/An(p, jet)® + Ad(u, jet)?.

The scalar sum of transverse momenta of tracks within the AR < 0.5 cone around

the muon, 1'% = Z(Al’%<0.5)p§rk'

— The sum of transverse energies of all calorimeter clusters in the hollow cone
0.1 < AR < 0.4 around the muon, I° = E(O.1<AR<0.4)E%Z”“6T.

— Two additional isolation variables, I*"* / p% and Jco / p%, were employed to offer

stringent rejection of leptons from b-quark and c-quark decays.

The loose isolated muons are required to have AR(u, jet) < 0.5. The tight isolated
muons are required to have AR(u, jet) < 0.5, I'™* /ph. < 0.12 and and I° /pl, < 0.40.

In the loose muon samples used to estimate multijet background in our analyses, we require
that the muons satisfy the above tracking requirements and the loose isolation criteria. The
tight muon events selected to extract the Higgs boson signal in our analyses are required to
contain muons satisfying the same tracking requirements as for the loose muon sample and

the tight isolation criteria.

Muon identification efficiency and momentum resolution

The performance of the D@ detector in identifying and reconstructing muons is quantita-
tively assessed in terms of muon identification efficiency and momentum resolution [65]. In

the region |n| < 2, the efficiency of muon system reconstruction of muon candidates used in
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our analyses ranges from 75% to 90%. Central tracks matched to these muons are recon-
structed with average efficiency of 90.5%. The isolation criteria reject multijet background
with efficiencies ranging from 87% to 92% depending on quality requirements. The momen-
tum of a muon candidate is taken to be the momentum measured in the central tracking

system and the momentum resolution of typically 10% for pr = 40 GeV.

4.2.3 Jet Identification
Jet development

Jets result from the fragmentation of quarks and gluons generated in the hard scattering
process of pp collisions. The development of jets in the detector can be separated into three

sequential stages:

e Quarks and leptons are produced from the hard scattering process, and then these

partons can eventually radiate additional partons and form “parton jets”.

e Stable particles produced through hadronization of quarks and gluons, excluding un-

detected muons and neutrinos, are clustered to form “particle jets”.

e The spray of produced hadrons interact inside the calorimeter where the “calorimeter

jet” is defined and its energy is measured.

A sketch of the evolution from a hard-scatter parton to a jet in the calorimeter is shown in
Fig. 4.1.

Jet reconstruction

Jets are reconstructed using the Run II cone algorithm [66], which is an iterative cone
algorithm used to build jets from energy deposits in the calorimeter. The first step of
jet reconstruction is defining the jet seeds by clustering pseudoprojective towers in 7 X
¢ calorimeter cells. Each cell is treated as a massless object and has an associated 4-
momentum computed using the direction defined by the primary vertex and the center of
the cell and assuming E = |p|. The 4-momentum of a pseudoprojective tower is formed by

combining the 4-momentum of calorimeter cells using the E-scheme:

ptower _ (Etower’ ﬁ) _ Z (EZ’ E) (46)

i=cells in tower

The calorimeter towers are ordered in decreasing transverse momentum and used to
form preclusters within a cone of radius 0.3 in the (1, ¢) plane, starting with the tower
having the highest pr and descending the list until no towers above the minimum threshold
pr > 500 MeV remain. Preclusters with pr > 1 GeV are used as seeds for the jet clustering

algorithm.
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Figure 4.1: The evolution from a hard-scatter parton to a jet in the calorimeter.

The seeds are then used as center points and all calorimeter towers around the seeds
within the cone of radius Reone = 0.5 (AR = /(Ay)? 4+ (A¢)? < Reone) are combined
to form the proto-jets. The 4-momemtum of a proto-jet is the sum of the 4-momenta
of all included calorimeter towers. When the direction of the 4-momentum of the proto-
jet does not coincise with the cone axis, the process is repeated using the direction of
the proto-jet 4-momentum as the new center point for the cone until a stable solution is
found. To reduce the sensitivity to soft radiation, mid-points between pars of two proto-
jets are also used additional seeds, if the distance between two proto-jets is in the range of
Reone < AR < 2Rcone. Any proto-jets having the transverse momentum below a minimum
< 3GeV are discarded.

The obtained proto-jets may contain partially overlapping or identical jet candidates.

threshold pr(po10jer)
To avoid double counting tower energies the proto-jets are sorted in order of decreasing
pr and processed through a split-or-merge procedure to remove overlaps. Two proto-jets
are merged into one jet if they have an overlap region containing more than 50% of the
transverse momentum of the lower pp proto-jet. Otherwise, two proto-jets are split into
two jets and each cell in the overlap region is assigned to the nearest jet in the (y, @)
plane. The jet 4-momentum is recomputed after the split-or-merge process and the jets
with pr < 8 GeV are discarded.
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Jet identification

To eliminate jet candidates not originating from outgoing partons of the hard scattering

process, a set of jet identification criteria are imposed:

e Requirement on the electromagnetic fraction: 0.05 < EM frac < 0.95.
The energy fraction in the EM layers is required to be less than 95% in order to reject
electron- and photon-like objects. The requirement of having electromagnetic fraction
higher than 5% has to be fulfilled to reject fake jets coming from noises in the hadronic

calorimeter.

o Requirement on the coarse hadronic fraction: CH frac < 0.40.
The energy fraction in the outermost layer of the calorimeter, the coarse hadronic
layer, is required to be less than 40%. This requirement is designed to further remove

jets that are formed predominantly out of the noise in the hadronic calorimeter.

o L1 trigger confirmation
A Level 1 trigger confirmation is obtained by requiring the jet energy measured by the
independent electrical readout of L1 to be larger than 50% of the jet energy, excluding
the energy deposited in the coarse hadronic calorimeter cells (CH is not included at
L1). This removes jets formed out of noise, such as coherent noise in the precision

readout electronics.

o Vertex confirmation
To ensure a selection of jets originating from the hard scattering process, the criteria
of a jet to be vertex confirmed are imposed. A vertex confirmed jet must be associated
with at least two tracks orginating from the primary vertex. These tracks must have
pr > 0.5GeV, at least one hit in the SMT, distance of closest approach to the beam
line in the transverse plane DC'A,, < 0.5 cm, distance of closest approach to the beam
line in the z direction DC'A, < 1cm, and Az(vertex, track) < 2.0 cm.

Jet energy scale

The jet energy scale (JES) corrects on average the energy of jets measured in the calorimeter
to the corresponding particle jets. This correction accounts for the differences in the observ-
able jets from the particle level due to detector and jet algorithm effects [67]. Correcting
the jet energy measured in the DO detector Epeas to the particle level Epqicle is performed
in three stages: (i) correction of offset energy (O), (ii) correction of jet energy due to the
calorimeter response (R), (iii) correction for showering effects (S). These corrections can

be expressed by the formula:
_ Emeas -0
Eparticle - . (47)

R-S

The main effects considered when calibrating jet energy will be briefly discussed before

evaluating the final JES. Additional corrections for small biases in the method are described
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elsewhere [67].

e Offset energy correction (O)
The offset energy consists of the energy in the jet that is not related to the primary
pp interaction. It includes a component corresponding to energy from multiple pp
interactions during a bunch crossing (MI) and a component originating from electronic
noise, calorimeter noise from uranium decay and the pile-up energy from other bunch
crossing (NP). The value of the MI offset depends linearly on the number of additional
interactions, which is characterized by the number of reconstructed pp interaction
vertices (Npy) in a given event. Fig. 4.2 shows the offset correction as a function
of jet pseudorapidity in the detector for different numbers of reconstructed primary
vertices. The uncertainties on the offset corrections are of the order of 1% of the

overall energy correction at low jet pr and are negligible for jet pr above ~ 100 GeV.

; 3'0,THNHH“H“HH“‘H“‘H“H“HH“H‘NH‘,
q) L _ -
@ [D®@0.70fb" Reone = 0.7 -
— 25- .
3 ]
£ - LT Ny =47
- 2.07T ... L ‘.\ ,; RN I
3 o L .
2 150 ' < Ney=3_
E b R
w® 100 LT e Npy = 2
0.5 -
M

0.07 11 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ \\\7

-20-1.5-1.0-050.0 0.5 1.0 1.5 2.0
Ndet

Figure 4.2: Offset corrections for different primary vertex multiplicities.

e Calorimeter response correction (R)
The calorimeter response R is the average fraction of the energy measured in the
calorimeter for the particles inside the jet cone. It is factorized into two parts
R = Rcc(E) x Fy(n,E), where the Roc term is an absolute response correction
determined from the CC region and the relative response correction term F, normal-

izes the response of the calorimeter as a function of jet pseudorapidity.

Absolute response correction

The response for jet energies in the CC region is derived by using the pr balance
between the v and the jet in the v + jet events. To have a clean v + jet data sample,
only photons with tight selection criteria in the CC region are used. The jet is required
to be back-to-back to the photon (Ag(, jery > 2.9) and no additional jets are allowed

in selected events. At the particle level, the transverse momenta of the photon and
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the hadronic recoil system are balanced each other:
?T,ﬂ/ + ﬁT,jet = 6) (48)

Due to non linearities in the energy response of the calorimeter, the measured jet

Pr je; becomes unbalanced with the photon Pr, causing a non-zero Kr:
—
Rjet'ﬁT,jet + Ry ?T,'y = —Vr, (4.9)

where R7¢ and R, are electromagnetic and hadronic energy responses of calorimeter,
respectively. Using the corrected photon energy scale (R, =1.0) and projecting Eq. 4.9

onto the direction of photon transverse momentum , the jet response is defined as:

E—>T i ﬁT,'y

Rjet =1+ =—2.
| Pr,|?

(4.10)

The jet energy response in the CC region shown in Fig. 4.3 is measured as a function
of:

E' = pr. - cosh(njet), (4.11)

which is highly correlated with the particle level jet energy and has finer resolution
than the measured jet energy. The dependence of jet response to E’ is later mapped
to the measured jet energy to determine the correction to be applied to the specific jet
algorithm. The dominant sources of uncertainty on jet ppr response come from photon
identification, photon energy scale, fragmentation and PDF, and the total uncertainty
is about ~ 1%.
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Figure 4.3: Fits of the jet energy response in the CC region using MC points (solid line)
and data (dotted line) [67].



4. EVENT RECONSTRUCTION 74

Relative response correction

The relative response correction, F;, calibrates forward jets with respect to central
jets. It normalizes the response at forward pseudorapidities to that measured in the
CC region (Rc¢) and is defined as:

R(E,n)

—RCC(E) , (4.12)

F”]<E7n)

where R(F,n) is the response of detector for a jet of energy E, located at detector
pseudorapidity 7. Deriving Fj, is based on the py balance in two samples, v + jet
and dijet. For the dijet sample, one of the jets is required to be in the CC and the
response measurement is binned in E’ using the pr of the central jet after correcting
for offset and central calorimeter response. The 7-dependence of the relative response

is parameterized as a quadratic-logarithmic function of E’:

po(1) + p1(m)In(E") + pa(n)n*(E')
Roo(E') ’

Fy(E',n) = (4.13)
where p; are fitted as functions of 7. Fig. 4.4 shows the n dependence correction in
the region of 0.8 < 1 < 0.9 for the v + jet and dijet samples. The difference in F), fits
observed in Fig. 4.4 is due to the different amount of quark and gluon jets in the v+jet
and dijet samples. The gluon initiated jets have lower response than quark initiated

jets since they have on average higher particle multiplicity with softer particles.
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Figure 4.4: Fits of F}, in v+ jet and dijet as a function of E’ [67].
e Showering correction (S)

Showering effects contribute to the mismeasurement of jet energy due to the net flow

of energy in and out of the jet cone caused by detector effects, such as the magnetic
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field, scattering from passive material, and shower development in the calorimeter.
The determination of the showering correction is based on comparison of jet en-
ergy profiles between MC and data using a sample of back-to-back ~ + jet events.
Energy density profiles of jets in MC are generated as a function of the distance
AR = \/(yparticle — Yjet)? + (@particle — Pjet)> between the particle and jet axis. The
calculated energy profile in MC is fitted to measured energy profile after the offset

correction has been applied. An example of energy profiles as function of AR for MC
and data in one 7, pr bin is given in Fig. 4.5. It shows the good agreement between
measured energy in data and the sum of energy contributions originating from inside

and outside the particle jet. The showering correction in each (7, pr) bin is estimated
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Figure 4.5: Showering profiles as function of distance from jet axis AR for data and MC [67].

as:
RCOTLE RCDRG
g - AT Ein + X AR Eout
= R
ZAOI:’B:OEM

, (4.14)

where Eij?goEm is the energy of the particle jet deposited inside the jet cone, Zﬁ'ﬁ’:oEout

. . N . . . . Roo
is the energy deposited inside the jet cone from particles outside the jet, and X\ %_, Ein
is the total enegy of particle jet obtained using the fit-weighted templates.

The systematic uncertainties on the showering correction are mainly driven by the
quality of the template fit, the physics modeling of jet fragmentation and the purity
of the v + jet sample. They are less than 1% of the overall correction factor at
pr < 50 GeV.
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Shifting, smearing and removing in simulated jets

In order to correct simulated jets for the differences with data in terms of energy scale,
resolution and reconstruction efficiency, the JSSR, procedure which allows simulated jets to
be smeared, shifted and possibly removed was developed [68]. In the JSSR procedure, the
corrections of simulated jets were derived using the v + jet and Z + jet samples where v/Z
and jet in each selected events are required to be back-to-back in azimuth to avoid large
effects from QCD radiation. Determination of these corrections relies on the measurement

of the transverse momentum imbalance in selected v + jet and Z + jet events:

t v/Z
Py — P

Z b
vy

AS = (4.15)

which was binned in pgp/ 7 separately in different n region. An example of the AS distribution

for data and MC are given in Fig. 4.6. The AS distribution in each pr,n bin is fitted

AS distribution (1 8<photon pT<23) AS distribution ( 1E<photon pT<23)
g 160 g 160F 10
z 140:— <pi>=202 E : 40} <pi>=204
gk ' Tk
-g 120 .g 1201
B 1002— 3 ro0f
sof- 80
60[- 60F
40 40f
20F 20f
0 0
-15 15 -1.5 1.5
AS AS

Figure 4.6: AS distributions for data (left) and Monte Carlo (right). The full curves show
the fits using a fitted function composed of a Gaussian and an error function. The yellow
bands denote statistical error. The dashed curves correspond to the extrapolation of the
gaussians to the region effected by the jet reconstructed threshold.

with a function composed of a Gaussian and an error function to count for resolution and
efficiency effects [68, 69]. The full curves in Fig. 4.6 show the fit results and the dashed
curves correspond to the extrapolation of the gaussians to the region effected by the jet

reconstructed threshold. These fits provide simultaneously information on:
e the jet energy resolution via the width of the Gaussian.
e the jet energy scale via the central value of the Gausian
e the jet reconstruction and identification efficiency via the error function.

Smearing
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The jet transverse energy resolution in data and MC can be deduced from the corre-

sponding Gaussian width of the AS distribution:

oggs = 2o (4.16)
Pr

The smearing process corrects for jet resolution differences in data and MC by scaling
the transverse momentum of simulated jets with a smearing factor which is randomly drawn

from a new Gaussian having width computed as:

Osmearing = \/Uis(Data) - O'QAS(MC), (417)

where 03 g(Data) and 03 ¢(MC') are the gaussian width of the AS distribution measured in
data and Monte Carlo, respectively. Fig. 4.7 shows the width of smearing factor Gaussian

for simulated jets in CC region as a function of p%.
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Figure 4.7: Square of the width of the smearing factor Gaussian as function of p% for CC
jets. The parametrization and the statistical error are represented by the blue curve and
the yellow band.

Shifting

The imbalance between transverse energies of the Z/~ and jet is provided by the mean
< AS >@qauss of the Gaussian in the AS distribution. Fig. 4.8 shows the difference in the
imbalances obtained in data and simulation < AS >pua — < AS >p¢, which presents
the data-MC relative jet energy scale (JES).

The fact that the data and MC transverse energies do not coincide results from different
effective jet reconstruction thresholds and from different amounts of out-of-cone radiation
in data and MC. To correct for this difference, the relative JES is parameterize as a function

of p%/ 7 and a shifting factor extracted from the fit is applied to the jet transverse energy in
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MC shifting for CC Jets
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Figure 4.8: The shifting factor as function of pZ for CC jets. The parametrization and the
associated error from the fit are represented by the blue curve and the yellow band.

MC.

Similar to the JES correction, the shifting correction also depends on the flavor of the
partons initiating jets. Figure 4.9 shows the difference in Gaussian means between data
and MC as a function of jet pp in Z + 1jet events for quark jets (primarily u, d or s quarks)
and gluons. The data-MC relative JES is consistent with 0 for quark jets, while tending to
be shifted downwards for gluon jets. The b-jets are know to be broader than light quark
jets and that makes them more gluon-like. Therefore, the shifting correction is effectively

applied to those physics processes with gluon or b-quark dominated final states.
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Figure 4.9: Relative JES of data and MC for quark (blue) and gluon (magenta) jets. The
red line shows the nominal JSSR jet shifting for an ensemble of jets with both quark and
gluon components. Hashed lines represent statistical errors.
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Undergoing the smearing and shifting procedures, the corrected jet pr is obtained by
first smearing simulated jets according to the parameterization shown in Fig. 4.7, and then

their energies are shifted according to the parameterization shown in Fig. 4.8:

pF"" = pr + prl(shift(pr) + Gauss(0, smear(pr))], (4.18)

where shift(pr) is the shifting factor and Gauss(0, smear(pr)) is a gaussian function cen-

tered at 0 and with a width shown in Fig. 4.7 as a function of pr.

Removal

The fitted efficiency turn-on curves displayed in Fig. 4.10 present the dependence of jet
reconstruction and identification efficiency on the jet pr in various calorimeter regions [69].
In both data and simulation, the full efficiency is reached at ~ 15 GeV, which is taken as
the threshold for jet removal. The jets with pr < 15 GeV are randomly removed from the
MC to match the efficiency in data [68].
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Figure 4.10: Average efficiency turn-on functions represented for different calorimeter re-
gions fo data (left) and simulation (right).

4.2.4 Missing Transverse Energy

The presence of neutrinos in the final state of an event at the detector level is inferred from
the missing transverse energy, which is the energy imbalance of an event in the transverse
plane perpendicular to the beam. The raw K, which results from physics objects that
escape the detector without energy deposits like neutrinos or from instrumental sources such
as a calorimeter noise and physics object resolution, is measured by vectorially summing

the calorimeter cells transverse energy:

cells

B ==Y (4.19)
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The cells from the coarse hadronic layers of the calorimeter are not included in the sum
since they suffer from relatively high noise (usually have higher noise and negative energy
cells). The energy and momentum corrections applied to EM objects, muon and jets are

propagated to the measured Kt and the corrected Er is obtained by:

cells muons

E—T> _ Z E—>Tcorrected -~ Z p_>T, (420)

where > p7 is the sum of muon transverse momentum measured by the muon spectrometer.

4.2.5 b-jet Identification

Since the H — bb decay mode is the most important search at the Tevatron for the SM
Higgs boson with My < 135 GeV, identifying jets initiated from b-quarks (referred to as
b-jet identification or b-tagging) is the main key for Higgs physics at the D@. The facts that
the mass of the b-quark is substantially larger than that of light flavor quarks (u, d, s, ¢) and
the life time of the b-quark is sufficiently long for b-hadrons to be formed and travel a few
millimeters before the b-quark decays lead to special signatures for b-jets observed in the
detector. Various algorithms have been developed in the D@ collaboration to exploit the
properties of b-jets in order to detect their presence. The performance of identifying b-jets
is improved significantly by using a neural network (NN) tagger to combine information
obtained from different b-tagging algorithms into a final discriminant to distinguish b-jets
from other jet flavors. Details about the b-tagging methods developed by the DO experiment
are described in Ref. [70].

b-jet properties

The long lifetime and fragmentation properties of b-quarks allow us to use precise track-
ing information to identify b-jets though their decay products. The secondary vertex con-
structed from the tracks produced by the b-hadron decay products and the impact parameter
(distance of closest approach of tracks to the primary vertex) are important features con-
sidered in b-tagging algorithms. Furthermore, b-hadron decays often lead to the production
of high momentum leptons, which can provide easy access to samples with enhanced b-jet
content. An illustration for reconstructing the secondary vertex and measuring the impact

parameter of a b-jets is shown in Fig. 4.11.

b-tagging prerequisites

The requirements for a jet to be taggable, i.e., for it to be further investigated by the b-
tagging algorithms, is that it must contain at least two tracks where each track has at least
one hit in the SMT, the “seed” track must have pr > 1 GeV while the other track must
have pr > 0.5 GeV, and the distance of each track to the primary vertex must be < 2 mm

in the transverse plane and < 4 mm in the z direction.
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Figure 4.11: Reconstructed secondary vertex and impact parameter (d0) in a b-jet.
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The efficiency for taggability is defined as the ratio of the number of taggable jets over

the number of calorimeter jets. It accounts for variations in detector acceptance and track

reconstruction efficiencies at different locations of the PV and is determined as a function of

jet kinematics (pr and ) and the z coordinate of the PV. To optimize the use of geometrical

correlations between 7 and z, the taggability is parametrized in 2’ = |z|sign(n - z) as shown

in Fig. 4.12.
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Figure 4.12: Taggability as a function of 2’.



4. EVENT RECONSTRUCTION 82

b-tagging algorithms

Several algorithms to identify b-jets exploiting the long lifetime and decayed products of
b-quarks and have been developed in the D@ Collaboration. They are based entirely on

tracking and vertexing of the charged particles.

e The secondary vertex tagger (SVT)

The SVT is the most intuitive b-tagging algorithm which exploits the fact that b-
hadron decays give rise to multiple charged particles emanating from the b-hadron
decay point. It is developed based on the reconstruction of this decay point and re-
quirement of the presence of a secondary vertex. The algorithm starts from selecting
tracks associated with a taggable jet and then requires that a number of tracks are
extrapolated to the same point in three dimensions. Secondary vertices are associ-
ated with the calorimeter jet if AR(vertex,jet) < 0.5, where the vertex direction is

computed as the difference of the secondary and primary vertex position.

e The jet lifetime probability tagger (JLIP)

The JLIP algorithm combines the impact parameters of all tracks associated with a
calorimeter jet into a single variable, the jet lifetime probability P;rrp, which can be
interpreted as the confidence level that all tracks in a jet originate from the selected
primary interaction point. Jets from light quark fragmentation are expected to have
an uniform Py p distribution between 0 and 1, while a peak at close to 0 is expected
in Pjrpp distribution of jets from b- or c-quarks. A jet is tagged as b-jet if the Pyrrp
is below an upper threshold which is set based on the signal efficiency and background

rejection designed for a given analysis.

e The counting signed impact parameter tagger (CSIP) The CSIP algorithm
selects “good” tracks with a certain quality within a R = 0.5 cone around the jet axis

and computes the signed impact parameter significance Sy for each selected tracks [70]:

1P,
- o(IPy)’

Sa (4.21)
where IPs is the signed impact parameter and o(IP;) is the uncertainty on the mea-
surement of IPs. A jet is considered to be b-jet by the CSIP tagger if there are at
least two good tracks with % > 3 or at least three good tracks with % > 2, where
a is a scaling factor. The choice of a determines the b-tagging efficiency and mistag

rate of the algorithm.

The Neutral Network (NN) b-tagger

The b-tagging algorithms described above exploit different features of the b-hadron and

perform separately to distinguish b-jets from other jet flavors. To improve the tagging
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efficiency with respect to any single algorithm, the NN b-tagger combines discriminating

information provided by the SVT, JLIP and CSIP tagging algorithms into a single final

discriminant to separate b-jets from light jets (where “light” stands for uds-quark or gluon).

The NN was trained on simulated light flavor and bb samples using nine input variables.

Six of the variables are based on the secondary vertex reconstructed by the SVT algorithm,

and the remaining three variables are obtained using the JLIP and CSIP algorithms. The

description of these variables is given in Ref. [70]:

SVT S, the decay length significance (the decay length in the transverse plane

divided by its uncertainty) of the secondary vertex with respect to the primary vertex.
SVT xéo Iz the x? per degree of freedom of the secondary vertex fit.

SVT Ny the number of tracks used to reconstruct the secondary vertex.

SVT mt,: the mass of the secondary vertex.

SVT Nyt,: the number of secondary vertices reconstructed in the jet.

SVT AR: the distance in (7, ¢) space between the jet axis and the difference between

the secondary and primary vertex positions.
JLIP Pjrrp: the jet lifetime probability computed by JLIP algorithm.

JLIP Preqsrip: Pjrrp re-calculated with the track with the highest significance

removed from the calculation.

CSIP Ngsrp: a combined variable based on the number of tracks with an impact

parameter significance greater than an optimized value.

The output from the optimized NN b-tagger on bb and light-flavor simulated jets given in

Fig. 4.13 shows a significant separation between the signal and background samples.
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Figure 4.13: The NN output for light-flavor jets (dashed line) and b-jets (continuous line)
with pr > 15 GeV and |n| < 2.5 in simulated QCD events. Both distributions are normalized
to unity.
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The larger cut values on the NN output set a tighter b-tagging working point. Table 4.3

lists several operating points with associated b-tagging efficiency and light-flavor mistag rate

(fake rate) for jets in CC region.

H Operating point ‘ Loose ‘ Medium ‘ Tight H

NN output
b-jet efficiency
Fake rate

0.45
60.8%
2.02%

0.65
53.7%
0.96%

0.77
47.6%
0.55%

Table 4.3: The b-tagging operating points with associated efficiency and fake rate.
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Signal Prediction and Background

Estimation

5.1 Data Samples

The search for SM Higgs boson production and decay processes that can lead to the final
states containing leptons and jets presented in this thesis uses the full data set corresponding
to 9.7fb~! of integrated luminosity of pp collisions at a center-of-mass energy of /s =
1.96 TeV collected with the D@ detector.

The most crucial step in our analyses is selecting a sub-dataset of events which have
topologies similar to the signatures of the targeted SM Higgs boson signals. However, various
SM processes can mimic the expected signal signatures, and thus need to be considered as
potential background. In order to find the SM Higgs boson or exclude its existence, it is
essential to have deep understanding of the differences in the properties of the SM Higgs
signal and background processes at the detector level. Therefore, MC simulated signal and
background samples are produced based on SM prediction to model compositions of data.
The differences in kinematics of simulated signal and background events are then exploited
to build a mathematical tool for differentciating signal events from background events in
data.

There are two major data subsamples collected with the D@ detector over two different
time periods. The first is the Runlla data set taken from August 2002 until the 2006
shutdown, and the second is the Runllb data set taken from June 2006 to September 2011.
Since important detector and trigger updates have been made between Runlla and RunllIb,
two different sets of simulated MC samples have been used Runlla and RunlIb to properly
describe the data.
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5.2 Monte Carlo Generators

Physics events recorded in the data samples are created from pp collisions through the

following processes:

e Initially two beams of protons and antiprotons are coming towards each other. Each
proton and antiproton involved in a pp collision is characterized by a set of parton
distribution functions (PDF) which defines the partonic substructure of the proton

and antiproton in terms of composition and momentum distribution.

e As p and p come into contact, partons from the p or p may start a sequence of

branchings with initial-state radiation (ISR) and build up initial-state showers.

e Two partons from initial-state showers originating from a pp pair undergo a hard
scatter process, and then a number of outgoing partons are produced. The nature of

this process determines the main characteristics of the event.

e The outgoing partons can start branching with final-state radiation (FSR) and build
up final-state showers. The gluons created in the shower can produce further quark

pairs, and that increases particle multiplicity in the final state of the event.

e The outgoing quarks and gluons are not directly observable, because they fragment
into neutral hadrons. Most of the hadrons produced during the fragmentation are
unstable and decay to final state particles forming jets, which finally are identified by
the detector. The process wherein the coloured partons are transformed into jets of

colourless hadrons, photons and leptons is called hadronization.

The evolution of a physics event as described above can be modeled by different Monte
Carlo generators, and the resulting observable signals can be studied using detailed detector

smulations. A brief description of these event generators is given in this chapter.

5.2.1 PYTHIA

The pYTHIA Monte Carlo is a general-purpose event generator [71]. It allows generation
of complete events within the bounds of current understanding of the underlying physics.
The PYTHIA generator as configured for these studies uses the CTEQG6L1 [72] leading order
parton distribution functions to model the initial partonic states for the hard parton scatter-
ing processes. The parton-shower approach, where the probability for a parton to branch
is given by evolution equations, is employed to model the ISR and FSR processes. The
hadronization process takes place at low Q? where QCD perturbation theory breaks down.
It is codified in PYTHIA based on the phenomenological model called “String Fragmentation”

with the assumption of linear confinement [71].
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5.2.2 ALPGEN

The ALPGEN generator is designed for the generation of complex and high-multiplicity hard
scattering final states in hadronic collisions. In this program, the tree level scattering
amplitude for multi-parton final states is computed based on a recursive numerical Leg-
endre transform of the effective action starting from the SM Lagrangian [73]. Using the
CTEQG6L1 parton distribution functions, ALPGEN provides the most accurate modeling for
the underlying hard processes of major backgrounds in our analyses, which have final states
containing a combination of electroweak bosons along with multiple quarks and gluons.
However, ALPGEN itself does not handle the showering and hadronization processes. To
complement the calculation of parton-level matrix elements with the evaluation of the full
hadronic structure of the final state, the parton-level calculations given by ALPGEN are
merged with the partonic evolution through interfacing with shower MC programs such as

PYTHIA, HERWIG or ISAJET.

5.2.3 SingleTop

The SingleTop generator is a matrix element generator designed for simulating electroweak
single top-quark production in the next leading order (NLO) approximation [74]. The spin-
correlation effects in the single top-quark production are also considered in this program.

Subsequent parton shower and hadronization are provided via an interface with PYTHIA.

5.2.4 MCFM

MCFM is a parton-level Monte Carlo program [75]. It is designed to calculate cross-sections
for various femtobarn-level processes at hadron colliders. For most processes, matrix ele-
ments are included to the next-to-leading order calculation and spin correlations are fully

incorporated.

5.2.5 MLM Scheme

The MLM matching scheme is a procedure for combining tree-level matrix element generators
with parton showers. The matching criteria developed in the MLM algorithm eliminate the
double counting of configurations where jets can arise from both the higher-order parton
level calculation and from hard emission during the shower evolution [76]. To properly
simulate events with high jet multiplicity in our analyses, the MLM algorithm has been
used to merge matrix elements of hard underlying processes generated by ALPGEN and the

subsequent development of the hard partons into jets of hadrons modeled by PYTHIA.
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5.3 Detector Simulation

In the real world, the collider machine produces interactions and the events are observed
at the detector. Information about an event, particles produced and their momentum,
is reconstructed based on electronic signals from detector systems, such as sillicon and
scintillating fiber tracking systems, calorimeters and wire chambers.

In the Monte Carlo world, the generators play the role of collider machine producing
events. The behaviour of the DO detector is fully simulated in two programs, the DO
detector simulation D@gstar based on the detector material simulation package GEANT
and the simulation of D@ detector electronics and pileup interactions by D@sim. The
outputs of MC generators are used as inputs for D@gstar program and then passed to
D@sim. The D@gstar program models how particles produced by the event generator
interact with magnetic fields and material in the detector. The D@sim program models
detector noise, residual activity from previous beam crossings and contributions from the
presence of additional pp interactions. The output of the detector simulation has exactly
the same format as the real data recorded by the detector, and these events are fed into the

same program for event reconstruction as collider data.

5.4 Simulated Event Samples

A brief description of the main Higgs boson signal and background processes in the ZH —
£0bb and fvjj analyses was given in Sec. 2.4 of Chapter 2. Besides the main signal processes
introduced, we also include signal components not specifically targeted but which fall in our
acceptance criteria nonetheless. The following section presents details of the simulation of

the signal and background contributions in each analysis.

5.4.1 Simulated signal processes
Signal samples in /vjj analysis

In the fvjj analysis, we account for all SM Higgs boson production with and decay processes
that can lead to a final state containing exactly one charge lepton, a significant imbalance
in transverse energy (JEr), and two or more jets. The considered signal processes are

categorized by the production mode as the following:

e Associated production of a Higgs boson with a vector boson

(i) WH — fvbb: This is the most important signal process in the low Higgs mass
region, where the Higgs boson is produced in association with a W boson, the SM

Higgs boson decays to a bb pair and the W boson decays leptonically.

(il) VH - VVV* = lvjjjj: In this process, the Higgs boson is also produced in

association with a vector boson (W or Z) and then decays into a pair of vector
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bosons. One vector boson decays leptonically, and two other vector bosons decay
hadronically producing four jets. The VH — VVV* — fvjjjj process contributes to

both low mass and high mass regions.

(iii) Additional topologies that are also considered in this context are WH — fvce,
WH - tvrtr=, ZH — ITI~bb. However, these three signal processes just play a

T77,cé, and that,

minor role in fvjj analysis, due to the low decay rates of H — 7
the contributions from ZH — [TI~bb only arises when one lepton in the final state is
mis-identified and significant K results from this mis-identification and/or poor jet

energy resolution.

e Gluon fusion production

(i) g9 = H - WW™* - fvjj: The Higgs boson is produced through the main produc-
tion channel, gg — H, and then decays into a pair of W bosons, where one W boson
decays leptonically and the other decays hadronically. This is the dominant signal
production process in the high Higgs mass region and it contributes to low Higgs

mass region as well.

(ii) g9 » H - ZZ* - 717 jj: The Higgs boson in this process decays into a pair of
7 bosons, where one Z boson decays hadronically and the other decays leptonically

(with only one lepton identified). The contribution of this channel is rather small.

e Vector boson fusion production

(i)VBF - H - VV* = fvjj: The Higgs boson is produced through the vector boson
fusion mechanism and then decays into a pair of W or Z bosons, where one vector
boson decays leptonically (with exactly one identified lepton). The contribution of
this signal process is minor due to the small cross section of the SM Higgs production

through vector boson fusion.

Signal samples in ZH — ({bb analysis

e The ZH — ({bb analysis requires the final state to have two isolated charged leptons
(either electrons or muons), at least two jets and at least one jet must satisfy a tight
b-tagging requirement. Besides the main signal process ZH — [T1~bb (where the
Higgs boson is produced in association with a Z boson, then the Higgs boson decays
into a pair of b-quarks and the Z boson decays into a pair of charged letons), we also
consider ZH — ITl7cc and ZH — [T1- 777~ signal processes. The ZH — ITI~bb

signal component accounts for more than 90% of the total signal yields.

All SM Higgs signal processes considered in our analyses are simulated with the Monte Carlo
event generator PYTHIA at leading order. The signal samples involving H — bb, H — ¢ or
H — 777 decays are produced in the mass range 90-200 GeV in 5 GeV steps. The signal

samples involving H — V'V* decays, which dominate the sensitivity of high mass searches,
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My (GeV)  049-0  own OZH OVBF B(H—>b5) B(HHCE) B(H—»T*‘r*) B(H—»W*W*) B(HHZZ)
90 2442  394.7 224.0 118.2 81.2 3.78 8.41 0.21 0.042
95 2101 332.1  190.3 108.8 80.4 3.73 8.41 0.47 0.067
100 1821 281.1 162.7 100.2 79.1 3.68 8.36 1.11 0.113
105 1584 238.7 139.5 92.3 77.3 3.59 8.25 2.43 0.215
110 1385 203.7 120.2 85.2 74.5 3.46 8.03 4.82 0.439
115 1215 174.5 103.9 78.7 70.5 3.27 7.65 8.67 0.873
120 1072 150.1 90.2 72.7 64.9 3.01 7.11 14.3 1.60
125 949 129.5 78.5 67.1 57.8 2.68 6.37 21.6 2.67
130 842 112.0 68.5 62.1 49.4 2.29 5.49 30.5 4.02
135 750 97.2 60.0 57.5 40.4 1.87 4.52 40.3 5.51
140 670 84.6 52.7 53.2 31.4 1.46 3.54 50.4 6.92
145 600 73.7 46.3 49.4 23.1 1.07 2.62 60.3 7.96
150 539 64.4 40.8 45.8 15.7 0.725 1.79 69.9 8.28
155 484 56.2 35.9 42.4 9.18 0.425 1.06 79.6 7.36
160 432 48.5 31.4 39.4 3.44 0.159 0.397 90.9 4.16
165 383 43.6 28.4 36.6 1.19 0.055 0.138 96.0 2.22
170 344 38.5 25.3 34.0 0.79 0.036 0.092 96.5 2.36
175 309 34.0 22.5 31.6 0.61 0.028 0.072 95.8 3.23
180 279 30.1 20.0 29.4 0.50 0.023 0.059 93.2 6.02
185 252 26.9 17.9 27.3 0.39 0.018 0.046 84.4 15.0
190 228 24.0 16.1 25.4 0.32 0.015 0.038 78.6 20.9
195 207 21.4 14.4 23.7 0.27 0.013 0.032 75.7 23.9
200 189 19.1 13.0 22.0 0.24 0.011 0.029 74.1 25.6

Table 5.1: The production cross sections (in fb) and decay branching fractions (in %) for
SM Higgs boson.

are produced in the mass range 100-200 GeV in 5 GeV steps. The signal samples generated
at leading order (LO) production rate are then normalized to the most recent higher-order
prediction. The calculations of associated production cross sections, WH and ZH, are
performed at next-to-next-to-leading-order (NNLO) precision in QCD and next-to-leading-
order (NLO) precision in electroweak corrections [77]. The cross section of gluon-gluon
fusion production (o445 ) is calculated at NNLO in QCD with next-to-next-to-leading-log
(NNLL) accuracy of soft gluon resummation [78]. The vector-boson fusion cross section
is computed at NNLO in QCD [79], and the electroweak correction to VBF production is
computed with the HAWK program [80]. The Higgs boson decay branching ratio predictions
are taken from HDECAY [81, 82]. The inclusive Higgs boson production cross sections as well

as the relevant decay branching fractions considered in our analyses are listed in Table 5.1.

5.4.2 Simulated Background processes

For both ZH — 0¢bb and ¢vjj analyses, background contributions from most SM processes
are estimated by MC simulation, except for the QCD multijet background which is de-
termined by a data-driven method. Details about generating and normalizing simulated

backgrounds will be described in the following sections.
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W 4 jets and Z + jets backrounds

The dominant background for the fvjj and ZH — ££bb anylyses is from W +jets and Z +jets
processes, respectively. The Z + jets process can also be a background component of the
fvjj analysis if one charged leptons from Z decays is unidentified and significant missing
transverse energy results from this and/or poor jet energy resolution. In fact, Z + jets is
the second largest background in the frjj analysis. The W + jets and Z + jets (V + jets)
samples are generated at LO with the matrix-element generator ALPGEN interfaced with
PYTHIA for subsequent parton showering and hadronization. The MLM scheme is applied to
avoid overestimating the probability of further partonic emissions in PYTHIA.

Separate W/Z + jets sub-samples with different number of partons or different parton
flavor in the final state are produced. The W/Z + jets sample made of events with only
light partons (u, d, s quarks or gluon) is called W/Z + LP, and the sample made of events
with heavy-flavor partons (b or ¢ quarks) is called W/Z + HF. The W/Z + HF sample
includes W/Z + bb and W/Z + cé. To ensure the orthogonality among these sub-samples,
a procedure called Heavy Flavor (HF) skimming is applied to remove events with b or ¢
quarks from W/Z + LP samples and events with ¢ quarks W/Z + bb samples.

Sample | K-factor | Kyg
W/Z + LP 1.3 1
W + bb 1.3 1.47
Z +bb 1.3 1.52
W/Z + cé 1.3 1.67

Table 5.2: K-factors and Kyg for W/Z 4 jets processes.

The LO cross section of the inclusive W/Z + jets samples generated by ALPGEN is scaled
to the NNLO calculation by applying a correction K-factor [83]. Additional correction
factors, Kpr, calculated at NLO from MCFM are applied to heavy-flavor samples [84]. The

heavy flavor scale factor for the W/Z + bb samples is computed as:

O (NLO Vbb) /o (LO Vbb)

KPP = (5.1)

O(NLO V+LP)/ J(LO V+LP)’
where onp,0 vipy and 01,0 vip) are NLO and LO W + bb + 0lp cross sections from MCFM,
and o(Npo v4+Lp) and oo v4Lp) are NLO and LO W +2Ip cross sections from MCFM. The
heavy flavor scale factor for the W/Z + c¢ samples are calculated using the same method.

The K-factor and Kpr applied to W/Z + jets samples in our analyses are listed in Table 5.2.

tt and single top backrounds

Background from top quark pair and single top quark processes are respectively generated

with ALPGEN and SINGLETOP using the CTEQG6L1 parton distribution functions and inter-
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faced with PyTHIA. The LO cross section of top quark pair production in the simulated
sample is then normalized to approximate NNLO [85], while the cross section for single
top quark production is normalized to the next-to-NNLO [86]. This higher-order correc-
tion in the production cross section results in a K-factor of 1.43 and 0.99 applied to the

normalization of the tt and single top quark samples, respectively.

Diboson backgrounds

Diboson processes (VV) are simulated by PYTHIA at the LO approximation. The cross
sections of diboson production are then normalized to NLO calculations [87, 75]. The
correction factors of 1.005, 1.061 and 1.030 are applied to WW, W Z and ZZ, respectively.

A list of cross sections with the corresponding approximation for each background pro-

cess is given in Table 5.3.

Sample Cross section (pb) | Approximation
W (= fv) +2 jets inclusive 509.03 NNLO
Z(—=IM17) + 2 jets inclusive 99.43 NNLO
tt inclusive 7.04 NNLO
Single Top inclusive 3.15 NNLO
Diboson (WW, WZ, ZZ) 16.47 NLO

Table 5.3: Cross sections and order of accuracy of background processes.

5.5 Estimation of Multijet Background

5.5.1 Multijet background modeling strategy

The QCD multijet events do not contain isolated charged leptons in the final state, but they
still can contribute to the background when jets are misidentified as leptons or leptons from
decay products of jets are misidentified as isolated leptons. In general, the efficiency for a
jet or its decay product to fake an isolated lepton and multijet events to pass all selection
cuts to fall into the acceptance is small. But the cross section for QCD processes is large,
therefore, the contribution from multijet events to the background (referred to as the MJ
background) can not be ignored.

The multijet background in both ZH — £¢bb and fvjj analyses are estimated by the
data-driven matrix method [88]. To derive the shape and the normalization of the multijet
background, three data samples, tight, loose and loose-not-tight are defined. The tight
sample, which is used for SM Higgs signal searching, is a selected sample with strict criteria
applied on leptons. The loose sample is obtained by changing the lepton requirement to be
less strict. The loose-not-tight sample is made of events from data in which the leptons pass

the loose isolation requirement, but fail the tight requirement. It is a sub-sample of loose
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sample and orthogonal to the tight sample. The loose-not-tight data sample is composed of
multijet events with jets faking loose leptons (Nl%CD) and events with real charged leptons
(Nf.,). The total number of events in the loose-not-tight sample (Nj,;) is:

Nipt = N2P L N (5.2)

Using the same naming convention, similar relations for event components of tight and loose

samples are written as:

loose

C C
Ntight = NgghtD + Nt[ight’ Nioose = NQ ; + leoose’ (53)

QCD nare
where Ntight ) Ntight

the number of events having a real chaged lepton and the total number of events in tight

and Nygn (N2SP ) N/

toose > NVioose and Nipose) are the number of mutijet events,

(loose) sample, respectively.
The relative efficiency EZLT for a lepton passing loose requirements to subsequently pass
the tight requirements and a relative probability, P%:] , for a multijet event to pass these

sequential selections are defined as:

NL . ech

¢ T tight MJ _ " tight
€Lr = N Prr = QCD" (5.4)

loose loose

Using Eqn. (5.2), Eqn. (5.3) and Eqn. (5.4) we obtain:
Nlnt = NZOOSe - Ntight = (1 - P%J) : NQCD + (1 - E%T) : Nleoose' (55)

loose

From Eqn. (5.4 )and Eqn. (5.5) we then find:

1 1 1—¢
NQCD _ Y N & 2T Nt 5.6
loose 1— P[%J loose 6%T 1 — P%i] tight ( )

We use Eqn. (5.4) and Eqn. (5.6) to estimate the number of multijet events in tight sample:

ocD PMJ PMJ 1— GZ
Ntight = 1 L]ZMJ * Nint — ?T ’ 1 P]}\/[TJ 'Nteight' (5'7)
—I'rr €rr —Irr

From Eqn. (5.3) and Eqn. (5.7) we have:

Py’ Pl =iy
Niight = w “Nipe +[1 — < T P%f] - Nijghi- (5.8)

The first term in Eqn. (5.7) containing Ny,;, which comes from the loose-not-tight sample,
represents the shape of multijet background. The second term in Eqn. (5.7) containing Ntl; ght
represents the real charged lepton contamination which leaks into the estimated multijet

sample and needs to be subtracted to get an accurate estimation for multijet background.
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According to Eqn. (5.7) and Eqn. (5.8), the shape and the normalization of the multijet
background can be obtained from the loose-not-tight data sample and the tight MC sample.
We first construct a template sample that models the kinematics of multijet events by

assigning each event in the loose-not-tight data sample a weight:

pPMJ
WMJ = T piJ-
1— Py
To account for the real electron contamination to the multijet template and get the correct
modeling for the tight sample, the MC simulated background samples passing the tight

selection need to be scaled down by:

M.J ¢
Py ) L —epr

1 .
7 MJ
ey 1= Py

(5.9)

5.5.2 Derivation of P}%/

The probability P/ is determined in the region 5 < < 15GeV for events with a single
lepton candidate, where the QCD contribution is dominant, and parameterized as a function
of the event kinematics. For a given kinematic region, PI%J is derived from the ratio of the
number of data events with a tight lepton and those with a loose lepton after subtracting
for the expected MC contribution from SM backgrounds with real leptons:

Nzt = Noignr** + Niighe + Niig
NData _ [NVJrjetS + N Fop + NVV ]

loose loose loose loose

PMJ = : (5.10)

For electron channels, where the charged leptons in the final states are electrons, the prob-

ability P%,J is parametrized as function of lepton calorimeter detector 7 :

f(n) = ao + a1|n|* + az|n|*, (5.11)

where a,, are the fit parameters determined in each of lepton transverse momentum pp and
A¢(F1,j)min bins. For muon channels, the probability P/ is parametrized as a fourth-
order polynomial function of lepton transverse momentum pp for different regions in muon
detector n and A¢p(Kr, p):

Fpr) = blo + bi(pr)® + ba(pr)*. (5.12)

Figure 5.1 shows examples of resulting fits for P%FJ with the parameterization functions

overlaid on the corresponding data, along with associated uncertainty bands.
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Figure 5.1: Examples of P/ as a function of detector |n| (lepton pr ) in different specific
kinematic regions for electron (muon) channel. The plots for electron (muon) channel are
on the top (bottom).

5.5.3 Derivation of ¢

The lepton efficiencies for loose and tight samples are derived based on samples of Z — #¢
events as presented in Section II of Chapter 4. The efficiencies efLT are then determined
from the ratio of measured lepton efficiencies for tight and loose samples. For an electron,
the efficiency E%T is parametrized in bins of electron detector || and electron pr bins, while

for the muon the efficiency e‘LT is parametrized as a function of muon pp:

(pT+Cl)

5.13
), (513)

f(pr) = co x tanh

where ¢, are the fit parameters determined for each data subsample taken at different peri-
ods of time. Examples of the muon e(f:T efficiency parameterization and the fit uncertainties

are shown in Fig. 5.2.

5.6 Simulated Sample Corrections

Physics analyses at high energy colliders are statistical in nature where millions of simulated
events are produced in order to understand the behaviors of different physics processes

created by the collisions. Generated MC events of each simulated process are given a

(oXB)XLint

primary weight, w = Neot

, where o and B are the production cross section and
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Figure 5.2: Muon efficiency EELT parametrization as a function of muon pp. The red and
blue lines are the fit uncertainties.

branching ratio of the process, L;,; is the integrated luminosity used in the analysis, and
Niot is the total number of generated events in each MC samples.

Besides physics motivated corrections, which are applied to MC samples to account for
higher-order calculations of cross sections as described above, we also consider another class
of corrections used to compensate for possible higher order corrections to specific physics
final states and detector modeling variations in the simulations. Processes of deriving
corrections for these modeling effects are commonly called reweighting. The corrections
coming from reweighting processes are derived in form of scale factors which can be constant
or have a kinematic dependency. MC samples are then corrected through scaling the weight
of simulated events accordingly.

Most corrections related to detector effects are integrated into the D@ analysis frame-
work, and they are applied in our analyses. To further improve the data modeling and
mitigate discrepancies in kinematic distributions, we derive an additional set of corrections
based on specific samples and selection criteria to further correct the V + jets (W + jets
and Z + jets) sample, the largest background in our analyses. Brief descriptions of common
corrections implemented in the DO framework and details of our own V' + jets reweighting

process are given in the following sections.

5.6.1 Reconstruction Efficiency Corrections
Lepton Reconstruction Efficiency Corrections

Scale factors are applied to MC events to account for differences in reconstruction efficien-
cies between the data and simulation for leptons and jets. For the MC electrons, a scale
factor correcting for electron identification (ID) efficiency is parameterized and applied as
a function of detector 7, detector ¢ and instantaneous luminosity [62]. Similarly, multiple

scale factors have been parameterized as functions of detector  and ¢ and applied to MC
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muons to correct for muon identification efficiency, muon track reconstruction efficiency and
muon isolation efficiency [89].

The electron energy scale correction parameterized in detector azimuthal angle ¢, physics
1 of the electron and kinematic variables describing shower shape is applied to both data
and MC samples. Subsequently, the difference in electron energy resolution of data and
MC, which is caused by imperfect descriptions of the material in front of the calorimeter
and approximations in the shower development used in the D@ simulation programs, is
corrected by electron energy smearing process [90]. The resolution of muon momentum is
also not described perfectly in MC. Therefore, the muon transverse momenta reconstructed

in MC are smeared to bring MC into a better agreement with data [91].

Jet Reconstruction Efficiency Corrections

To correct on average the jet energy of jets measured in the calorimeter to the corresponding
particle jets and for the differences in jet energy resolution predicted in MC and observed
in data, JES and JSSR processes described in Chapter 4 are applied to MC samples ac-
cordingly. The efficiency of vertex confirmation for jets and the efficiency for a jet to be
taggable are also corrected in simulated samples to reproduce the respective efficiencies in
data. Both vertex confirmation and taggability scale factors are parameterized as a function
of jet pr, jet 7, and the Z-coordinate of the primary vertex [92].

Since performance of the b-tagging algorithm is different in data and simulated samples,
the tagging rate function (TRF) in MC is not the same as that in data [70]. To correct
for this effect, the b-jet identification scale factor (SF) for jets to pass a specific b-tagging

working point () is applied to each corresponding b-tagged data sample.

5.6.2 Trigger Correction

The effect of trigger selection is simulated in the MC sample by applying the trigger effi-
ciency, measured in data, as an event weight to each MC event. The trigger efficiency used
in our analyses is parametrized as a function of electron or muon 7, azimuthal angle, and
transverse momentum pr. More details about trigger selection and trigger efficiency will

be presented in Chapter 6.

5.6.3 Luminosity Reweighting

In order to provide a realistic simulation of the detector response to beam conditions during
actual data collection, an overlay of zero bias data collected using zero-bias triggers is used
to define the baseline detector response for each MC event. However, the instantaneous
luminosity for the zero-bias overlay does not match the luminosity profile of the dataset
under analysis. Therefore, a luminosity reweighting is apply to match the instantaneous

luminosity profile in MC to the luminosity profile of the data.
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5.6.4 Primary Vertex Reweighting

Due to the emittance growth of the colliding beams, the width of the distribution of the
primary vertex longitudinal position V, becomes broader later in the store. The width of
V., measured in data depends on the intensity profile of the proton and antiproton beams,
the amplitude and oscillation of the transverse motion of bunches, while the V, distribution
used in simulating MC events is based on a Gaussian of a fixed width. Therefore, a primary
vertex reweighting is used to correct the generic primary vertex distribution in MC to the

distribution measured in data.

5.6.5 Z,, and W, Reweighting

Due to the softscale of radiation emission back-to-back with the vector boson, the Z boson
pr and W boson pr distributions are poorly modeled by both PYTHIA and ALPGEN for
events with p% or p%v less than 30 GeV. The transverse momentum spectrum of the Z boson
is corrected in the MC to match that observed in data by reweighting the Z,,, distribution.
The correction is derived from the p% distribution at the generator level and the observed
spectrum in the unfolded data [93]. The p% reweighting scale factor is applied to simulated
events as a function of p% in each bin of jet multiplicity. The W boson pr distribution is
also corrected using the same dependence, taking into account differences between the pr
spectra of Z andW bosons predicted in NNLO QCD [94, 95].

5.6.6 V + jets Reweighting

After all standard corrections for physics modeling and detector effects implemented in the
D@ framework have been applied to preselected samples in our analyses, the kinematic
distributions in data and simulated events show remaining residual differences in several
kinematic distributions. Motivated by comparisons of MC events simulaed with ALPGEN
and data [96], and MC samples simulated with other event generators [76], we develop
corrections to W + jets and Z 4+ jets MC samples to correct for the shape discrepancies
in kinematic distributions between data and simulation. The corrections are derived based
on the direct comparison between selected data and MC events passing our preselection
criteria (before applying b-tagging), where any contamination from signal is very small.
To improve the description of the jet directions, we correct the n distributions of the
leading and second leading jets ( jets with the highest and second highest transverse mo-
mentum) in V + jets events. The lepton n distribution in W + jets (Z + jets) MC events in
the fvjj (ZH — £¢bb) analysis is also corrected to reproduce the distribution of final state
leptons associated with W/Z decays in data. Correlated discrepancies observed in distribu-

tions of transverse momentum pi,W of the leptonically decaying W boson and the jet angular

separation between two leading jets, AR(j1,72) = \/(njeﬂ —Njet2)? + (Pjet1 — $9%)?%, are
corrected simultaneously in the two-dimensional (AR(j1, j2), p¥¥) plane [97].
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Figure 5.3: Performance of the second leading jet n reweighting. The top-left plot shows
data (points) and all backgrounds (blue) before reweighting; the top-right plot shows the
non-V + jets background-subtracted data (points) and V + jets sample (red); the bottom-
left plot shows the fit to the ratio of non-V + jets background-subtracted data and V + jets
background; the bottom-right plot shows data (points) and all backgrounds (blue) after
applying the second jet reweighting.

Jet n Reweighting

Due to the deficiencies in the MC programs and the parameters that are used in the event
generation, the jet n distributions of the V' 4 jets samples generated by ALPGEN interfaced
with PYTHIA do not agree with our data. In particular, the n-distributions observed in
data are broader than in simulation. To compensate for the observed deviations we apply
reweighting scale factors to each generated event in the W + jets and Z + jets MC samples
to better match the observed data. Two reweighting processes are applied in succession,
the first one is for the 7 distribution of the second leading jet (7je2) followed by another
for the n ditribution of the leading jet (njes1).

The jet n reweighting procedure starts with normalizing the total number of W + jets

and Z+jets MC events to the number of events in the V +jets component of data (N{ﬁ‘fﬁ?ets),
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which is is obtained by subtracting the MJ background (Njs;) and other non-W + jets or
non-Z + jets SM background sources (N4

nonVj ots) from the selected data sample Nyqqq :

dat MC
NyY5ers = Naata — Narg — N,

nonV jets*

(5.14)

The jet n reweighting scale factor is then parameterized as function of jet n based on the
ratio of jet n distributions between simulated V + jets sample and data after subtraction

of the none V + jets backgrounds and :

Fn) =po+p1 x0° +p2 x 0 +pa x 0. (5.15)

The normalization of the V +jets sample is constrained during the fit for the parameters
pi of the reweighting function (Eqn. (5.15)). The agreement in the distribution of njes
between data and MC before and after applying n;et2 reweighting along with the fit based

on preselected samples of fvjj analysis are show in Fig. 5.3 .

Lepton 1 Reweighting

To account for mismodeling of lepton directions in the fvjj analysis, we reweight the W +jets

samples using a second-order polynomial reweighting function of lepton 1 (7iepton):

f(nlepton) =po +p1 X leeptom (5'16)

which is extracted from the ratio of lepton 7 distributions between simulated W +jets sample
and data after subtracting QCD and the other non-W + jets physics background. Similar
to the jet n fitting procedure, the W + jets sample is first normalized to the corresponding
background-subtracted data, and the normalization is constrained during the fitting. The
lepton 7 reweigting is also applied in the ZH — (¢bb analysis where the distribution of
leading pr lepton in the Z + jets sample is corrected to that of background-subtracted data.

AR(j1,52) and pqu Reweighting

To account for residual discrepancies in modeling the pIW and the separation of the two
leading jets AR(j1, j2) as well as for strong correlation between these two kinematic vari-
ables, we perform a simultaneous fit in both pQW and AR(j1,;2) using the two dimensional

reweighting function prW X far, where:

w W4
—a —0.5 x
fow = ag+ar x[1 - erf(u)] + ay X exp(#), (5.17)
T as ay

far = bo+bi Xx AR+ by X (AR)2 +c3 X (A'R,)g

The a; and b; parameters in the pair of f oW and fagr reweighting functions are determined
from the 2D fit in the (AR(j1,j2), p'Y) plane to the ratios of W + jets MC sample to the
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Figure 5.4: The 2D reweighting in the (p'Y, AR(j1,j2)) plane: (left) Ratio of background-
subtracted data (points) and simulated W + jets, (right) 2D fitting function fpw X far

non-V + jets component of the data, which is obtained by subtracting the MJ background
and other non-W + jets SM background sources from the data sample (see Fig. 5.4). The
pgy reweighting is applied only to W + jets events, while the AR(j1,j2) reweighting is
applied to both W + jets and Z + jets events.

Reweighting functions from each V + jets reweighting process are shown in Fig. 5.5.
The corrections derived from each V + jets reweighting procedure is designed to change
differential distributions, but to preserve normalization. The distributions of 7jes2, njet1,
p¥ and AR(j1,;2) in data and MC before and after appying all corrections from V + jets
reweighting procedures are shown in Fig. 5.6. These corrections are on the order of a few
percent in the highly populated region of each distribution and may exceed 10% in the

extreme values of each distribution.
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Event Selections

Event selection in both fvjj and ZH — £¢bb analyses is based on signal signatures and
kinematics. The fvjj analysis requires topologies with an isolated charged lepton and a
significant imbalance in the transverse energy, which indicates products of W — ev or
W — upv decays, and at least two jets. The ZH — (¢bb analysis requires two isolated
charged leptons to reconstruct the Z candidate decaying as Z — eTe™ or Z — putpu~ and
at least two jets. The selection criteria in each analysis are designed to maximize the
acceptance of the considered SM Higgs boson signals and to suppress the background as
much as possible, while maintaining good data-to-MC agreement in the preselected sample.

Taking into account the differences in background composition and signal topologies,
the search in each analysis is then organized into sub-channels according to various lepton,
jet multiplicity, and b-tagging characterization criteria in order to optimize the overall signal
sensitivity. The event selection proceeds in two steps, online event selection (event trigger-
ing) and offline event selection. Both selection steps along with the channel subdivisions in

each of fvjj and ZH — £0bb analyses are described in this chapter.

6.1 Event Selection in frjj Analysis

6.1.1 Online Event Selection
Event triggering in electron channel (evjj)

Events in the electron channel have the final state containing an electron candidate expected
from W — fv decays. These are triggered by a logical OR of Single-Lepton and Lepton-+Jets
triggers requiring a candidate electromagnetic object and jets [98]. The trigger efficiency
is parameterized as a function of the transverse momentum pr and and 7 of the leading
electron candidate in the event, and it is applied as an event weight to simulated samples.
For the events selected in our analyses, these triggers have a typically efficiency of above
90%.
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Event triggering in muon channel (uvjj)

For the muon channel, we accept events fired by any available trigger, except those contain-
ing lifetime-based requirements that can bias the performance of b-jet identification. The
efficiency of this inclusive set of triggers is obtained by applying a trigger correction, Py,
to the efficiency of a well-modeled logical OR of the Single-Muon and Muon+Jets triggers
(T,or)- The correction is derived from comparing data events selected with T),0r triggers

to events selected using all triggers:

(Npata — Narg)inet — (Npata — Nma)T,on

P, corr — NMC

, (6.1)

where the numerator is the difference between the number of data events in the inclusive
trigger sample and the T),0r trigger sample, after subtracting off the multijet (MJ) back-
grounds, and the denominator is the number of MC events with the trigger efficiency set to
1. The inclusive trigger efficiency estimate for events in the muon channel is T},0r + Peorr
(limited to be < 1).

Using the inclusive set of triggers results in a gain of about 30% in efficiency over
using only Single-Muon and the Muon+Jets triggers (7,,0or ~ 70%). The most significant
contribution to this improvement comes from triggers based on jets and K. To account
for the differences in the contribution and the efficiency of different triggers, the inclusive
trigger correction P,... is parametrized as a function of the scalar sum of the transverse

momenta of all jets, Hp, and the Bt for separate regions in muon 7.

e F L 1.6 F
5] r -1 -2<@p<-1.2 IS £ -1 -2<@p<-1.2
8127D@, 9.7t TTIBTNG, 1814 DB,9.7 " TES2G500
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08 10
o6 + } o5t t
3 ! 06
0.2 & vV—v— ¥ 0.2 7+ —~ — ¥
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Figure 6.1: Data-derived muon trigger correction to account for the resulting efficiency gain
in moving from single muon and muon+jets triggers to inclusive triggers as a function of Hp
for |n| < 1.0, shown (a) for events with Bt < 50 GeV and (b) for events with 1t < 50 GeV.
The black circles show the correction when the muon is in the region of ¢ (-2 < ¢ < —1.2),

where the detector support structure allows only partial coverage by the muon system, and
the red triangles show the correction elsewhere in ¢.
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6.1.2 Offline Event Selection

The preselection of events for the evjj or urjj channel includes events satisfying a set of
selection criteria based on the identification and kinematics of physics objects in the final

state. The selection cuts applied for each channel are discussed in the following sections.

e Primary vertex selection

The event selection in both electron and muon channels requires a pp interaction
vertex that has at least three associated tracks, and is located within 60 cm of the
center of the detector along the beam direction (PV, < 60 cm). If an event has more
than one such vertex, the vertex with the highest average pp-value of its associated
tracks is chosen. This requirement ensures that selected events are from collisions
occurring in the central part of the detector, where the activity from the primary
interaction can be covered by the SMT and physics objects in event final state are

more likely to be within the detector acceptance.

e Lepton selection

The requirement of the final state to contain exactly one isolated electron or muon
candidate coming from the leptonic decay of a W boson significantly suppresses the
multijet background and that from Z(— £¢) + jets and ¢t events. Two sets of lepton
identification criteria are applied for each lepton channel in order to form a “tight”
sample used to perform the search for the SM Higgs boson and a “loose” sample used

to estimate the multijet background as described in Sec. 5.5.

For the electron channel, events having a single electron with transverse momentum
pr > 15GeV within a pseudorapidity range of |n| < 1.1 (CC) or 1.5 < |n| < 2.5
(EC) are selected. We exclude the gap situated between the central and the end-cap
calorimeter in the pseudorapidity range of 1.1 < |n| < 1.5. The electrons passing the
kinematic selections above are further required to satisfy identification criteria, which
are optimized separately for the CC and EC regions. The two sets of identification
criteria used to select tight and loose electron samples for each calorimeter region are
listed in Table 4.2.1 (Sec. 4.2.1).

For the muon channel, we select events having exactly one muon with pp > 15 GeV and
In| < 2.0. Muon candidates are then required to fulfill identification criteria related
to the muon track quality and the isolation of muon from particles originating from
hadron decay products, which are defined in Sec. 4.2.2. Selected events in the loose
or tight samples must contain a muon candidate with a medium quality local track
identified in the muon system matched to a medium quality central track. The muons
in the tight and loose samples are required to satisfy the tight and loose isolation

criteria, respectively.

e Missing transverse energy selection
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To reconstruct the candidate W (— ¢v) boson, selected events are required to con-
tain a significant K, which characterizes the presence of the neutrino. The missing
transverse energy is reconstructed as described in Sec. 4.2.4, and is required to satisfy
Kt > 15GeV for the electron channel and Kt > 20 GeV for the muon channel. The
Er cut is efficient in both removing mismodeled events and reducing the multijet

dominated region at low Fr.

e Jet selection

Events considered in frjj analyses are required to contain at least two jets originating
from the primary pp vertex. Besides satisfying the identification criteria described in
Sec. 4.2.3, these jets must have pp > 20 GeV and within |n| < 2.5.

To group events with similar signal-to-background ratio and optimize the search for
specific signal processes, the preselected sample of each lepton channel is then split
into three orthogonal subsamples based on jet multiplicity: two jet exclusive, three
jet exclusive and four jet inclusive. The dominant signal contribution in the two-
jet exclusive and three-jet exclusive channels comes from the WH — (vbb and H —
WW* — fvjj processes, while the majority of signal events in the four-jet inclusive

channel is from the VH - VWW™ — fvjjjj process.

e Mutijet background veto

The transverse mass MQW of the leptonically decaying W (— fv) boson is reconstructed
from the (¢, Fr) system using missing transverse energy, the lepton transverse energy
(E%), and the azimuthal separation A¢(¢, K1) between the isolated lepton and the

K vector:
(M) = 205 Er[L — cos Ag (¢, 7).

Multijet events contribute a significant rate at small values of M%V and the signal-to-
background ratio is rather small at low Fp region [99, 98]. Therefore, we apply a
triangular cut on the MIW :

MY > 40 GeV — 0.5x Er,

in order to suppress overwhelming background from multijet events (this is developed

using control samples in the data as described in Sec. 5.5).

6.1.3 Normalization at the Preselection

After applying the MC corrections described in Sec. 5.6 to simulated events, we adjust the
normalization of the V' + jets and MJ backgrounds to bring the total number of predicted
background events in agreement with data. The normalization factors applied to V + jets
and MJ backgrounds are determined via a simultaneous template fit of the M}/V distribution

to the V + jets and MJ component of data, which is obtained by subtracting non-V + jet
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simulated background sources from the preselected data sample. We perform separate
fits for each lepton flavor and jet multiplicity category. Figure 6.2 shows examples of the
simultaneous fits for two and three jet exclusive samples in muon channel. The V + jets
experimental normalization factors for the two jet and three channels are 1.02 and 1.24,
respectively. The distribution of MYW after this normalization procedure along with the
distributions of muon py and azimuthal angle between the muon and neutrino for the muon
channel are shown in Fig. 6.3. Distributions of the transverse momentum of the two jets
with the highest pr and the dijet mass reconstructed from them show good agreement
between data and combined background for preselected events in the muon channel (see
Fig. 6.4).

Multijet / V+jets tight, 2 jet, pre- b-tag exp. scale factors: 0.86 _ +0.06 /1.02 20.01 Multijet f Vjets tight, 3 jet, pre- btag exp. scale factors: 0.63  £0.12/1.24 £0.04
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Figure 6.2: Simultaneous fit of the V' + jets and MJ backgrounds in the W (— fv) transverse
mass (MJV) distribution, in the muon two jet (left) and muon three jet (right) channels.
The V + jets experimental normalization factors for the two jet and three channels are 1.02
and 1.24, respectively.

6.1.4 Classifying b-tag Samples

To focus on the number and quality of identified b jets in preselected events, we define
six independent tagging samples based on the b-jet identification discriminant output (brp)

described in Sec. 4.2.5. The criteria for categorizing b-tag samples are as follows:

e a zero b-tag (0Tag) sample includes events with no jet satisfying the b-tagging criteria;

e a one-loose b-tag (1L) sample includes events with exactly one b-tagged jet that passes
the loose selection requirement (byp > 0.02) but fails the tight selection requirement
(b[D > 0.15);

e a one-tight b-tag (1T) sample includes events having exactly one b-tagged jet that
has a b-identification discriminant output satisfying the tight b-jet selection threshold
(b[D > 0.15);

e a two-loose b-tag (2L) sample includes events with two or more b-tagged jets that have
an average value of the b-identification discriminant of the two leading b-tagged jets
in the range 0.02 < (bﬁ) + bﬁ))/Q < 0.35;
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Figure 6.3: Kinematic distributions related to the lepton and Bt for the two jet (left) and
three jet (right) event samples in the muon channel after preselection.
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Figure 6.4: Kinematic distributions related to the leading jets for the two jet (left) and
three jet (right) event samples in the muon channel after preselection.



6. EVENT SELECTIONS 111

e a two-medium b-tag (2M) sample includes events with two or more b-tagged jets that
satisfy the requirement 0.35 < (bﬁj + b]I'2D)/2 < 0.55;

e a two-tight b-tag (2T) sample includes events with two or more b-tagged jets that
satisfy the requirement 0.55 < (b‘}lD + b‘}QD) /2.

The expected number of events from each signal and background category is compared
to the data for each b-jet identification category for events in the muon channel with two
(three) jets in Table 6.1 (Table 6.2). The signal yield and expected background for both
lepton samples combined for the two jets, three jets, and four or more jets are shown in
Tables 6.3, 6.4, and 6.5. The significant change in signal-to-background ratio from the
lower b-tag categories to the higher b-tag categories can be visualized from the distribution
of dijet invariant mass for events with two jets in all b-tag categories shown in Fig. 6.5. In
all plots, data points are shown with error bars that reflect the statistical uncertainty only.

Discrepancies in data-MC are within our systematic uncertainties described in Sec. 8.1.

Pretag 0Tag 1L 1T 2L 2M 2T
VH — fvbb 18.20 (0.000) 3.08 1.95 5.53 1.55 2.28 3.79
H—VV — lvjj 11.61 (66.36) 8.80 1.81 0.84 0.15 0.04 0.00
VH - VVV = lvjjjj 5.87 (13.15) 4.24 1.03 0.50 0.12 0.01 0.00
Diboson 2809 1992 477 265 53 21 19
V 4+ (g,u,d, s)-jets 92 542 75726 13184 3053 870 68 7
V + (bb/ce) 13 846 7598 2447 2640 497 352 349
top (¢t + single top) 1595 344 202 586 109 149 210
Multijet 16015 11590 2798 1293 327 129 91
Total expectation 126 807 97 250 19108 7837 1856 719 676
Total uncertainty 4+ 7576 4752 £1164 £835 £177 £87 85
Observed events 126 811 96613 19668 7460 1870 656 544

Table 6.1: Observed number of events in data and expected number of events from each
signal and background source (where V- = W, Z) for events with exactly two jets in the muon
channel. The expected signal is quoted at My = 125 GeV, except for the pretag sample
where the expected signal is also quoted (in parentheses) for My = 165 GeV. The total
background uncertainty includes all sources of systematic uncertainty added in quadrature.
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Pretag 0Tag 1L 1T 2L 2M 2T
VH — fvbb 4.15 (0.000) 0.62 0.47 1.14 0.43 0.55 0.84
H—-VV - lvjj 4.29 (24.35) 2.95 0.84 0.39 0.13 0.03 0.00
VH - VVV = lvjjjj 3.36 (12.27) 2.12 0.78 0.37 0.13 0.02 0.00
Diboson 567 361 119 55 21 6.4 5.1
V + (g,u,d, s)-jets 12969 9757 2440 517 313 17 2.2
V + (bb/ce) 3502 1708 706 655 218 121 87
top (&t + single top) 1753 268 197 526 173 220 272
Multijet 2508 1466 572 284 105 40 18
Total expectation 21299 13560 4034 2037 830 405 385
Total uncertainty + 1360 +735 +£263 +£205 +£73 +£41 +40
Observed events 21297 13370 4071 2027 828 413 401

Table 6.2: Observed number of events in data and expected number of events from each
signal and background source (where V' = W, Z) for events with exactly three jets in the
muon channel. The expected signal is quoted at My = 125 GeV, except for the pretag
sample where the expected signal is also quoted (in parentheses) for My = 165 GeV.
The total background uncertainty includes all sources of systematic uncertainty added in
quadrature.

Pretag 0Tag 1L 1T 2L 2M 2T
VH — (vbb 37.3 6.4 4.0 11.6 3.2 4.6 7.7
H—-VV = tvjj 24.7 18.8 3.9 1.8 0.3 0.07 0
VH - VVV = lvjjjj 13.0 9.3 2.3 1.2 0.3 0.04 0.01
Diboson 5686 4035 968 535 109 42 38
V + (g,u,d, s)-jets 182271 148 686 26421 6174 1762 132 13
V + (bb/ce) 27443 15089 4872 5236 978 691 691
top (¢t + single top) 3528 758 455 1289 247 333 462
Multijet 58 002 43546 9316 3700 946 298 195
Total expectation 276930 212114 42032 16935 4043 1496 1400
Total uncertainty + 14998 + 11352 +£2438 +1696 +362 + 117 £+ 175
Observed events 276929 211169 42774 16406 4057 1358 1165

Table 6.3: Observed number of events in data and expected number of events from each
signal and background source (where V' = W, Z) for events with exactly two jets in muon
and electron channels combined. The expected signal is quoted at M = 125 GeV. The total
background uncertainty includes all sources of systematic uncertainty added in quadrature.
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Pretag 0Tag 1L 1T 2L 2M 2T
VH — (vbb 8.6 1.3 1.0 2.4 0.9 1.1 1.7
H—-VV - lvjj 8.8 6.0 1.7 0.8 0.3 0.07 0.01
VH - VVV = vjjjj 7.3 4.5 1.6 0.9 0.3 0.05 0.01
Diboson 1138 727 238 113 42 14 10
V + (g,u,d, s)-jets 24086 18078 4577 976 582 34 3
V + (bb/cc) 6625 3213 1349 1250 411 228 164
top (¢t + single top) 3695 563 419 1123 365 460 570
Multijet 10 364 6629 2162 933 367 130 82
Total expectation 45908 29209 8746 4395 1768 867 830
Total uncertainty + 2582 + 1619 +£587 +£528 +£209 +£118 + 113
Observed events 45907 28924 8814 4278 1815 879 797

Table 6.4: Observed number of events in data and expected number of events from each
signal and background source (where V' = W, Z) for events with exactly three jets in muon
and electron channels combined. The expected signal is quoted at My = 125 GeV. The
total background uncertainty include the statistical and systematic uncertainties.

Pretag 0Tag 1L
VH — lvbb 14 0.2 0.2
H—VV = lvjj 24 14 0.6
VH - VVV — lvjjjj 3.6 2.0 0.8
Diboson 199 112 46
V 4+ (g,u,d, s)-jets 3055 2143 679
V + (bb/ce) 1280 542 286
top (¢t + single top) 2889 311 268
Multijet 2092 1110 450
Total expectation 9516 4217 1729
Total uncertainty + 530 + 231 + 144
Observed events 9685 3915 1786

Table 6.5: Observed number of events in data and expected number of events from each sig-
nal and background source (where V' = W, Z) for events with four or more jets in muon and
electron channels combined . The expected signal is quoted at My = 125 GeV. The total
background uncertainty includes all sources of systematic uncertainty added in quadrature.
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Figure 6.5: Distribution of invariant mass of the leading and second-leading jets for various
b-tagging categories in events with two jets
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6.1.5 Organizing the Search in /vj; Final State

The WH — fvbb process provides the dominant signal contribution in the one tight b-tag
or two b-tag categories of the two or three jet channels. Since the branching fraction for the
Higgs decay to b quarks is only significant over the mass range 90 — 150 GeV, the search in
the one tight and two-b-tag samples is restricted to this range of Mpy.

In events with two or three jets and zero and one loose b-tag, the primary signal contri-
bution is from the SM Higgs boson decay to a pair of W bosons, H — WW — fvjj. Events
in these jet multiplicity and b-tag categories are examined for 100 < My < 150 GeV. Since
we do not perform the search in the one tight and two-b-tag samples for Mgz > 150 GeV,
events having exactly two or three jets in all b-tag categories (i.e. pretag events) are used
in the search for 155 < My < 200 GeV.

N-Jets 0Tag 1L 1T/2 L/2M/2T
2 H->WW - lvjj H->WW - lvjj WH — lvbb
3 H-WW - lvjj H-WW - lvjj WH — (ubb
4 | VHSVWW = wjjjj | VH - VWW = lvjjjj

Table 6.6: Assignment of b-tagging categories and jet multiplicities to sub-analyses to per-
form the SM Higgs search in the mass range My < 150 GeV.

Only the zero and one-loose b-tag categories are considered when searching for the signal
in events with four or more jets because ¢ production dominates the small amount of signal
present in higher b-tag categories. The majority of signal events in the zero and one loose
b-tag categories of the four-jet channel are from the VH — VWW — (lvjjjj process, and
the SM Higgs search in this channel is performed over the mass range of 100 — 200 GeV.

The fvjj analysis is organized into three sub-analyses namely WH — /fvbb, H —
WW — flvjj and VH — VWW — fvjjjj, according to the main signal contribution.
Table 6.6 details how the tagging categories and jet multiplicities are assigned to each sub-

analysis in the search for the SM Higgs boson in the low mass range 90 < My < 150 GeV.

6.2 Event Selection in ZH — ££bb Analysis

The ZH — 0fbb preselection requires a reconstructed Z candidate decaying as Z — uu or
Z — ee plus at least two additional jets [11]. The search in this analysis is performed in
four independent channels defined by the subdetectors used for lepton identification: the
dimuon channel (pu), the muon + isolated track channel (puix), the dielectron channel

(ee), and the electron + ICR electron channel (eeicr).

6.2.1 Event Triggering

In the pp and ppg channels, we accept events that satisfy any trigger requirement. As in

the fvjj analysis, the efficiency of this inclusive trigger is obtained by applying a trigger
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correction to the efficiency of the well-modeled single-muon trigger suite.

In the ee channel we also accept events that satisfy any trigger requirement, with a
measured efficiency consistent with 100%. Therefore, no correction for the trigger efficiency
is applied to the event weights in the ee channel. The set of triggers used in the eejcr channel
has an efficiency of 90-100% depending on the region of the detector, and the efficiency in

this channel is parametrized in electron 7, electron ¢, and jet transverse momentum [11].

6.2.2 Offline Event Selection
Primary vertex selection

The event selection in all four channels of the ZH — £¢bb analysis requires a primary pp

interaction vertex that has PV, < 60 cm.

Jet selection

All events considered in the ZH — £¢bb analysis must contain at least two jets originat-
ing from the primary pp vertex, that satisfy the jet identification criteria (Sec. 4.2.3) and

following additional requirements:
e jet ppr > 20GeV and |nget| < 2.5;

e jets must be taggable.

Lepton selection

Dielectron selection (ee)

In the dielectron channel the lepton selection requires events to have:

e at least two electrons !

reconstructed either in the CC with |ng.| < 1.1 or in the
EC with 1.5 < |nget| < 2.5, that satisfy the CC or EC identification criteria listed in

Table 4.2.1;
e at least one electron identified in the CC;
e at least two electron candidates with pp > 15 GeV and opposite charges.

Electron-plus-ICR selection (eeicr)

The lepton selection requires events in the eejcr channel to have exactly one electron
passing the identification criteria in either the CC or EC with py > 15 GeV and one electron
reconstructed in the ICR (1.1 < |14¢¢| < 1.5) which must be matched to a calorimeter energy
deposit with E7 > 15 GeV. The two electron candidates must have opposite charges.
Dimuon selection ()

The dimuon channel includes events with:

! Throughout the text, we refer to both electrons and positrons as “electrons”. Likewise, we refer to both
muons and anti-muons as “muons”.
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e at least two muon candidates passing medium quality track and loose muon isolation

criteria defined in Sec. 4.2.2 and having opposite charges;
e at least two muons with pp > 10 GeV and |nge:| < 2;
e at least one muon with pp > 15GeV and |nge¢| < 1.5;
e at least one muon satisfying the tight muon isolation criteria (Sec. 4.2.2).

Muon-plus-track selection (ppierk)
The ppk channel is designed to recover dimuon events in which one muon is not iden-
tified in the muon system, primarily because of gaps in the muon system coverage. In this

channel events are required to have:

e exactly one muon with [1g| < 1.5 and pp > 15 GeV, which must satisfy the criteria
for the medium-quality track and tight muon isolation, and an isolated track with
[Ndet] < 2 and pp > 20 GeV, separated from the muon by AR > 0.1;

e the track-only muon (u) must also satisfy the same tracker and calorimeter isolation

requirements as the first muon;
e the p and the pgcandidates must have opposite charges.

To ensure that the pp and pp selections do not overlap, events that contain any additional

muons with |14e| < 2 and pr > 10 GeV are rejected by the gk selection.

Reconstructed Z selection

A good Z candidate is required in each event selected for the ZH — £¢bb analysis. The Z
candidate reconstructed from a pair of selected electrons or muons (Z — ¢¢) must have an

invariant mass satisfying 70 < My, < 110 GeV.

6.2.3 Multijet Background and Normalization at the Preselection

The multijet background in ZH — #¢bb is estimated from control samples in the data.
The conventional approach to derive the multijet template is to reverse preselection criteria
that are used to reject multijet background. In the dimuon (pup) channel, a multijet event
must contain a Z candidate that passes all event selection requirements except isolation and
that fails the opposite sign requirement. In the muon-plus-track (pp) channel, multijet
events are defined as those that pass all selection criteria, except the u and ugchave same-
sign charges. For the ee channel, the electron isolation and shower shape requirements are
reversed. The multijet sample for the ee;cr channel consists of events that satisfy the signal

selection, but have inverted quality requirements on the ICR electron.
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For each lepton channel, the normalization of the multijet background and all simu-
lated samples are adjusted using a simultaneous template fit of the dilepton mass (M)

distributions in each channel and jet multiplicity bins. The fit minimizes the x?:

(D — oii - Qi —ki - (K, Z3 + OR) )
Dy,

: (6.2)

=
ijym
where m runs over the bins of Myy, j runs over the jet multiplicity, and 7 indicates the
channel. The number of data events are D%, and the fit adjusts the normalization of Q%,
the multijet sample, Z%, the simulated Z boson (including Z + bb and Z + c¢) sample, and
O%, all other simulated samples. The fit parameters are the multijet scale factors o/ that
apply to Q%, the combined luminosity and efficiency scale factors k¢ for channel i that are
applied to Z¥ and O,i%, and the Z boson cross section scale factors k:JZ that apply to Z9.
The dimuon and dielectron mass spectra for the electron and muon channels after the
normalization procedure are shown in Fig. 6.6. Figures 6.7 and 6.8 show distributions of
the transverse momenta of the two jets with the highest pr and the invariant mass of the
dijet system constructed from those two jets. In all plots, data points are shown with error
bars that reflect statistical uncertainty only, and discrepancies in data-MC agreement are

within the systematic uncertainties described in Sec. 8.2.

6.2.4 Classifying b-tag Samples

In order to distinguish events containing a H — bb decay from background processes in-
volving light quarks (uds), ¢ quark and gluons, the jets of preselected (pretag) events are
identified as “loose” or “tight” b-tagged if they passed corresponding pre-defined loose or
tight selection requirement on the b-jet identification discriminant output, which are listed
in Table 4.3 (Sec. 4.2.5). Events with at least one tight and one loose b tag are classified as
double-tagged (DT). If an event fails the DT requirement, but contains a single tight b tag,
it is classified as single-tagged (ST). Table 6.7 gives the number of events observed in the
pretag, ST and DT samples, and the expected number of events for the different background
components and the signal (assuming My = 125GeV), following all MC corrections and
the preselection normalization.

The H — bb candidate is composed of the two highest-pr tagged jets in DT events,
and the tagged jet plus the highest-pr non-tagged jet in ST events. Figure 6.9 shows
the distribution of the dijet invariant mass (Mp,) in ST and DT events. The dijet mass
resolution of the signal is better in the DT sample (Fig. 6.9(b)) than in the ST sample
(Fig. 6.9(a)) due to lower levels of contamination in the DT sample from jets that are not

associated with the H — b decay.
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Figure 6.9: Distribution of dijet invariant mass in (a) ST and (b) DT events. Signal
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Data Total Background MJ Z+LF Z+HF Diboson tt ZH
Pretag 25849 25658 1284 19253 4305 530 285 9.2
ST 886 824 + 102 54 60 600 33 T 25
DT 373 366 £ 39 25.7 3.5 219 19 99 29

Table 6.7: Expected and observed event yields for all lepton channels combined after re-
quiring two leptons, at least two jets and 70 < My < 110 GeV (pretag), and after requiring
exactly one (ST) or at least two (DT) b tags. The ZH yields are given for My = 125 GeV.
The uncertainties quoted include the statistical and systematic uncertainties.
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7
Multivariate Signal Discriminants

After imposing selection requirements to enhance signal purity in data, the search for the SM
Higgs boson is still very challenging because of the presence of prodigious background at the
Tevatron. In order to increase the signal sensitivity, multivariate analysis (MVA) techniques
are used to fully exploit the kinematic properties of the SM Higgs boson production and
decay processes in each search channel and incorporate signal-to-background discriminating
information from individual event kinematic variables into a single discriminating variable,
the MVA signal discriminant. A crucial process in our analyses is optimizing the MVA
performance for each search channel to maximize the power of the MVA signal discriminant
(referred to as MVA discriminant from here after) in differentiating signal and background
events mixed in a data sample.

Two MVA methods, the decision tree and the matrix element, are employed in the
search for the SM Higgs signal in the lepton plus jets final states. While the decision
tree method is based on a machine learning approach, the matrix element (ME) method
explicitly relies on the physics calculations of scattering amplitudes and phase space of
signal and background processes. For the frjj analysis, we use a random forest (RF) of
decision trees [48] implemented in the SPR package [100, 101] for events in the zero and one
loose b-tag channel, and we use a boosted decision tree (BDT) implemented with the TMVA
package [102] in the one tight b-tag and all three two b-tag channels. For the ZH — ¢¢bb
analysis, we use both the ME method and the random forest of decision trees implemented
in the TMVA software package [102] for discriminating signal from background. To maximize
the use of kinematic information in the RF for ZH — ¢¢bb analysis, we employ a kinematic fit
to improve the resolution of the invariant mass of the Higgs boson candidate reconstructed
from the jets included in the final state. The RF discriminants provided by the decision
tree method are used for setting limits on the signal production, and the ME discriminant
derived by ME method is used to verified the result obtained from the decision tree method.

The next sections focus on describing MVA optimizations that the author of this thesis
has worked on. The multivariate analysis in H - WW — uvjj channel, which is composed

of events in the zero and one loose b-tag categories of muon channel, is described first. Then
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the ME approach, the kinematic fit process and the RF discriminants in the ZH — ¢(bb are

presented.

7.1 Mutivariate Analysis in H - WW — purjj Channel

We use the random forest of decision trees as a MVA classifier to discriminate the SM
Higgs signal and background events in the H — WW — puvjj channel. The procedure
of optimization and estimation of the performance of the RF classifier proceeds in three
stages: training, validation and testing. Monte Carlo signal and background events along
with multijet events are used in each stage. Depending on the size of the sample, up to
1/3 of these events are used to train the RF classifier. To avoid potential bias, a smaller,
independent sample of events is reserved for validation of the performance of the RF and to
compare the performance of classifiers trained under different scenarios before considering
the RF response distributions used in the analysis. Finally, the response of the optimized RF
classifier is evaluated on a testing sample consisting of the remaining signal and background

events and these results are used to construct the MVA discriminant.

7.1.1 Random Forest of Decision Trees

The random forest used in our analysis is composed of a collection of decision trees where
each tree is trained to separate signal from background. Given a list of input variables
{z;}, a decision tree starts with all events in its assigned training data set and finds a
binary split for each variable that optimizes the signal-to-background separation, according
to some chosen criterion, and then selects the variable and its corresponding split that has
the best separation power to split the input data into two new nodes, signal enriched and
background enriched. The decision tree continues to examine each of the new nodes and
splits them into finer nodes. The splitting procedure is repeated until a stopping criterion
is satisfied. A terminal node created when the splitting stops is called a “leaf”. Each leaf
is associated with a signal purity defined as the weighted signal fraction of the total data
in the leaf. Once a tree is built, a new event can be run through the tree and its kinematic
properties are compared to the splitting tests until it reaches a leaf, and the output of the
tree for this event is the leaf purity.

Each binary split in our analysis is optimized using the negative Gini index [100, 101]

as a figure of merit:
sb

G:—p(l—p)z—m,

where s (b) is the sum of signal (background) weights and p = s/(s+ b) is the signal purity
at the corresponding node. The negative Gini index is minimal for an equal mix of signal
and background in the node (no separation) and is maximal when there are either only

signal or only background events in the node (perfect separation). A split is optimized to
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give the largest overal figure of merit:

WG, +wRa,
W Y

Gsplit =

where W is the total weight of events in the parent node, which is split in two daughter
nodes with weights W) and W® (W = W + W), A node is not split further and
becomes a leaf if the improvement in the initial figure of merit G is negligible or the best split
would create a daughter node with fewer than a minimum number of events. The minimum
number of events per a leaf (the leaf size) is chosen to guarantee statistical significance of
the associated purity.

The RF is constructed from multiple decision trees where each tree is trained on a
randomly selected collection of signal and background MC events as well as multijet events
from the full training data set. Each subset of training data is sampled using Bootstrap
AGGregatING (commonly referred to as “bagging”) technique [101] in such a way that it
has the same size as the full training data set, but may contain duplicate events. In addition,
a random subset of input variables are examined to split each node of the tree. The result
is that each decision tree in the RF is trained with slightly different input variables and
training events. Output from the random forest is then constructed by averaging the output
from each decision tree. Given a new event, each decision tree in the forest evaluates the
kinematic information of the event and supplies an output, and the output of the random

forest for the event is the mean of all the decision tree outputs.

7.1.2 Optimizing Random Forest Classifiers

To obtain maximal separation of signal and background events in H - WW — uvrjj channel,
we optimize the RF classifier separately for each jet multiplicity, b-tagging category and for
each hypothesized SM Higgs boson mass. For the search in the mass range 100 < My <
150 GeV, the RF classifier is optimized separately for each zero b-tag or one loose b-tag
sample with two jets or three jets and for each mass point in steps of 5 GeV. For the search
in the mass range 155 < My < 200 GeV, all pretag events are analyzed and we optimize
a RF classifier for each of two-jets and three-jets samples and for each mass point in steps
of 5GeV. In order to focus on optimizing the splitting at nodes dominated by signal, the
signal events in the training sample are scaled up to make the total weighted signal integral
equal to the total weighted background integral. A number of parameters characterizing
the structure of the RF, such as input variables, the number of decision trees and the leaf
size, are optimized to improve the performance of the RF. Among them, the choice of input
variables is the most crucial for the discriminating power of the RF classifier and so is the

main focus of the RF optimization process.
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Input variable selection

The performance of a RF classifier depends on the signal-to-background discriminating
power of input variables used for training the decision trees. In order to find those vari-
ables, we start with defining more than two hundred physics-driven variables to describe
the kinematics of individual objects in the urjj final state, angular correlations between the
objects, and global event kinematics such as reconstructed masses and event shapes. We
then scan through the full list to search for variables which have strong signal-to-background
discriminating power and are well modeled. The Kolmogorov-Smirnov (KS) distance, which
measures the difference in shape between the normalized signal and background distribu-
tions corresponding to each of defined variables, is evaluated and we require input variables
for the RF to have the KS distance greater than a threshold. To ensure a good agreement
in describing data and total of MC and multijet events using a selected input variable, we
require the y? probability between data and total background distributions of that variable
to be greater than 5%.

The importance of variables used in the RF classifier and the correlations between them
are evaluated on the validation sample by investigating how often the variables are used to
split decision tree nodes and how the discriminating power of the RF classifier decreases
when each variable is removed from the tree. To estimate the change in discriminating
power of the RF, we use the average quadratic loss (A) in the validation sample as a figure

of merit:

A= (7.1)

where Ny is the total number of events in the validation sample, z; is desired output of
the RF for the ith event (z; is zero for background events, one for signal events), w; and
y; are the weight and the RF output for that event. The quadratic loss measures how far
the RF output is from the desired output, and smaller loss means better signal /background
classification.

Because the signal shape is driven by the signal mass hypothesis, we optimize the MVA
variable list at two different mass points: at My = 125 GeV for masses below 150 GeV and
at Mg = 165 GeV for masses above 150 GeV. Since the resolution of the reconstructed Higgs
boson mass is about 20 GeV for H - WW — uvjj channel, optimizing the input variable list
at only these mass points is sufficient. These regions also correspond to the distinct cases of
off-shell versus on-shell final states of the second W boson. Tables 7.1 and 7.2 list the input
variables of the RF optimized for each jet multiplicity and b-tagging category for each search
in the low mass (100 < My < 150 GeV) and high mass (155 < My < 200 GeV) regions.

Distributions of selected input variables for each jet multiplicity and b-tag sub-channel are
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shown in Figs. 7.1-7.3. A description of all selected variables is given below:

Hpy - transverse momentum of muon

Vp, - Missing transverse energy [r
P - transverse momentum of the leading jet in pp

j2

py - transverse momentum of the second leading jet in pr

pjT3 - transverse momentum of the third leading jet in pp

pJVE/ P _ transverse momentum of the W (- pv) system

pZ;f'Z - transverse momentum of the leading two jets (dijet system)

p]fljm - transverse momentum of the system of three leading jets
p%ﬁou - transverse momentum of the dijet system with respect to the thrust vector
AP(ji,j2) = Pj, — Pj)

(pjvyle”)/(upT + vp,) - ratio of transverse momentum the W(— uv) system and the
scalar sum of transverse momentum of x and v

(p?ﬁ”)/ (P]Tl + pg_p?) - ratio of transverse momentum of the dijet system and the scalar
sum of transverse momentum of the two leading jets

(P37%) ) (DI + p’3) - ratio of transverse momentum of the dijet system and the scalar

sum of transverse momentum of the second and the third leading jets

YVE/Zep . - transverse momentum of the W (- pv) system with respect to the thrust

vector AI_D)(M, v) = ﬁu - P,

Apr(p,v) - difference in pr between p and v

Apr(Wiep, i) - difference in pr between the W (- puv) system and p
An(j1, ) - An between p and the leading jet

AP(Wiep, j2) - A¢ between the second leading and the W (— uv) system
Ad(Wiep, j25) - A¢ between the bisector of the dijet system and W (- uv)
A¢(71,73) - A¢ between the first leading and the third leading jets

Ad(j2j3, J3) - A¢ between the third leading jets and the system of the second and the
third jets

min[A¢(Wiep, i or v)] - minimum A¢ between the W (- pv) system and p or v
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e AR(j1,7j2) - AR between the leading and second leading pr jets

e AR(ji,p) - AR between p and the leading jet

o AR(Wjep,v) - AR between the v and the W(— pv) system

o AR(Wjep, j2) - AR between the second leading jet and the W (— pv) system
o AR(Wiep, j1) - AR between the leading jet and the W(— pv) system

o min[AR(Wjep, v or ) - minimum AR between W (— pv) system and p or v

o cosO(Wiep, HOM) - cos@ of the W(— uv) system in the reconstructed H(—» WW —
uvjj) CM frame

o cos0(j1ja, HEM) - cos @ of the dijet system in the reconstructed H(— WW — pvjj)
CM frame

e 3D angle(ﬁu, ﬁl,)

e 3D angle(ﬁjl, ﬁjQ)HOJM- 3D angle between the two leading jets in the reconstructed
W (- pv) CM frame

.MW

.., - invariant mas of the reconstructed W (— pv) system
ep

o MVTVzep - transverse mas of the W (— uv) system

e M;, j, - reconstructed invariant mass of the two leading pr jets (dijet mass)
o M ]7; j, - transverse mass of the two leading pr jets (dijet mass)

e M, j, - reconstructed invariant mass of the two leading pr jets and

e M,,j; - invariant mass of the system consisting of the p, v and two leading jets
e Mj;, j,j, - invariant mass of the system of three leading jets

® M, j; - invariant mass of a system consisting of the 7, u and two leading jets

° Mﬁi%ﬂ - invariant mass asymmetry between the W (— (1) system and the dijet system,
defined as My Mz
MWlep+Mj12

o H};erp - the scalar sum of transverse momentum of the W(— fr) system and the

second leading jet

e HT

i the scalar sum of transverse momentum of the dijet system and p

° H‘:C 75 - the scalar sum of transverse momentum of x and all jets
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T
[ ] .
}152L¢er

second leading jet

- the scalar sum of transverse momentum of the W(— fr) system and the

—+v.
) - defined as "2
Py +07

o (Hy,)/(H]

J1J2

° HZ:;;W - asymmetry of scalar transverse momentum between the W(— fv) system
T T
.. . Wiep lil2
and the dijet system, defined as —#£—=~
HE,  +H
lep J12

I AR(/JJ:V)XVPT
o WV, o " defined as T

Su AR(j1,0) X pip e
[ ] - _—_—
W le defined as Y ”p

. 2 b)) s . X =
e min[W; . W] - minimum of W, and W

poy AR(j1,j2) xpl2

° ]12]2 - defined as —(ﬁ ]2)j2pT
P +07

by AR(j1,j1)xpt

° 312“ - defined as —(ﬁ jl)mpT

Pr +pT

D37 A Y L. > oF
e min[j;5", j15%] - minimum of j;5" and j;5?

R j1 . P

j122 - defined as AR(JIJQ)XP?;+Ajf(71»J2)XPT
P TP
o7 OPOZGZZW“Z/ - centrality, a topological variable describing the event shape, defined
as (3 p%) /(>0 |?Z\) where i runs over all objects in the final state.
i i

o7 OP(’)ZII’,}EMCM - sphericity, a topological variable describing the event shape, mea-
sures the sum of squared transverse momentum of objects in the final state with

respect to the event axis.

o T(’)POZ’;?;;iCity - sphericity calculated for the system of y and two leading jets

o FWM;, j,j; - The Fox-Wolfram moment, an event shape variable describing the cor-

relations of four-momentum jets, defined as:
Z p%f x AR(?%’ ?jiJ'QjB)

i=1,2,3
j.
> pr

i=1,2,3

fWMj1j2j3 =

o F WM?E& s " The Fox-Wolfram moment, defined with respect to the muon’s axis:
Z p%i X AR<?]}'7 ﬁlep)
lep =123

J1j2gs i
> pr
i=1,2,3

FWM
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TWO JETS

100 < My <150 GeV

155 < My < 200 GeV

ZERO b-tag 1L b-tag PRETAG

M,z Mj, 5, M4

cos 0(Wiep, HEM) (Hgy)/(HJ:';]Q) 3D angle(f’)jl, ?jQ)HC]M
Mj,j, M pr

HLy. AR(Wiep, j2) min[ W, %, W]
3D angle(?”7 P.) M,g,ij 3D‘angle(ﬁu, P.)
TOPOThericty o8 O(Wiep, HEM) | pli2

AR(j1, j2) Apr(Wiep, 1) e Wiey

Hyjj, Mg j Ap(Wiep, j15)
Apr(p,v) AR(j1, j2) Pr -
ARG p) Hys TOPO; ™
j12]1 (pT lep)/(MpT + VpT) AR(j1, 1)

HT g min[jy3", jy3?] i3

Apr(ji, j2) Hpr AR(j1, j2)

lep

(P )t + Vi)
(")) (wp + 1)
Mj1j2

v
,Z-O,Pocentralzty

nvjj

128

Table 7.1: List of MVA input variables used for each search in low mass (100 < My <
150 GeV) and high mass (155 < My < 200 GeV) regions for 2-jet events for each tagging
category covered by the H - WW — uvjj channel. Variables are ranked by importance.
A description of all variables is found in Sec. 7.1.2.
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THREE JETS
100 < My <150 GeV 155 < My <200 GeV
ZERO b-tag 1L b-tag PRETACG
fWM.???Zﬁ’» fWMliPQ J3 fWM.ljelgzj?)
M, TOPOE | s
Hyuji My, pr'”
Mg, cos 0(Wiep, HEM) | 3D angle(l_—’)u, ?,,)
M, jop An(j1, 1) Muvj
TOPOLL™™ | My
AG(Wiep, jo) AR(Wiep, v) 3D angle(Py, Pjy)yen
Mj'j;jzjs Myuprjj (pilvz/lep)/(upr + Vpr)
AR(jla /") AQS(VVlepv ]2) AQZ)(VVlepa ‘7%125)
cos 0(jija, HM) | Ad(jajs, ja) P
*FWMjljzjs Mj1j2 TOPOSPhemmty
A¢(j1, j3) M T@P(f);i@gml”y
( 2]3)/(p]T + ) pTrl:ciil AR(I/Vlepv.jl)
A¢(I/Vl6pv]12 ) Mj1j2j3 Aq.ﬁ(‘VVlep,jz) )
FWM;y s ( 7}]2)/(19%“1 +pJT2)
Mjle
fWMle’st

129

Table 7.2: List of MVA input variables used for each search in low mass (100 < My <
150 GeV) and high mass (155 < My < 200 GeV) regions for 3-jet events for each tagging
category covered by the H - WW — puvjj channel. Variables are ranked by importance.

A description of all variables is found in Sec. 7.1.2.
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Figure 7.1: Distributions of MVA input variables used for the search in the low mass
(155 < My < 200 GeV) region for all events in zero b-tag category that contain two jets
(left) or three jets (right). The signal is shown for My = 125GeV. Overflow events are
added to the last bin in each histogram.
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Figure 7.2: Distributions of MVA input variables used for the search in the low mass
(100 < My < 150 GeV) region for all events in one-loose b-tag category that contain two
jets (left) or three jets (right). The signal is shown for My = 125 GeV. Overflow events are
added to the last bin in each histogram.



7. MULTIVARIATE SIGNAL DISCRIMINANTS

V(- Hv)+2 jets, pretag

» 18000F p@, 9.7 fb* + Data
© 16000 L%
o 14000 - Top
12000 - Vit
5 V+If
10000 -, I Muttiet
8000 - L [] Signal ( x 500)
6000 - M, =165 GeV
4000 |, L
2000 |- T,
0 L f"m o
150 250 350 450 550
Mwjj [GeV]
V(- uv)+2 jets, pretag
0 24000 159 7 fp 1 —+ Data
c 3
© 20000 - v
Q ; Top
16000 |- Ve
E V+If
12000 E Il Muttijet
; [] signal (x 500)
8000 F Laeme M =165 GeV
; *"" :::z
4000 -
o E
002 06 1 s 14 182
H K Z\,
min[W p ’ Wlep )]
V(- pv)+2 jets, pretag
300001 pgy 971 + Data
= i mw
)] L
Li 25000 Top
20000 - Vi
I V+If
15000 I Il Muttijet
E [] Signal ( x 500)
10000 - M,=165 GeV
f ot
5000 F o L
YO ST T
0051152253354455
AR(, 1)

Events

Events

Events

132

V(- puv)+3 jets, pretag
00

60001 pg, 9.7t + Data
r v
5000 - Top
4000 ; V+hf
F V+If
3000 - Il Muttijet
= []signal (x 200)
2000 [ ol M, =165 GeV
1000 F _]
0 F :bwaad:?*sﬁ—ﬁ_i
100 140 180 220 260 300
ij2 [GeV]
V(- puv)+3 jets, pretag
5000 D@, 9.7 fb* —+ Data
; v
4000 |- Top
i V+hf
r V+If
3000 [ Il Multijet
2000 F []signal (x 200)
r M, =165 GeV
I W¥
1000F e
0 &
0 0.2 04 WO.6 0.8 1
lep +
P, /(upT Vp)
V(- uv)+3 jets, pretag
- D@,9.7fb™* —t Data
8000 3 mw
7000 - Top
6000 - V+hf
5000 -‘hjl*'lft_, t
F ultije
4000 - [ signal ( x 200)
3000 - I M,=165 GeV
2000 N
1000~ =
0 b
0 05 115 2 25 3 35 4
FWM. . .
15

Figure 7.3: Distributions of MVA input variables used for the search in the high mass
(155 < My < 200 GeV) region for all events containing two jets (left) or three jets (right).
The signal is shown for My = 165 GeV. Overflow events are added to the last bin in each

histogram.



7. MULTIVARIATE SIGNAL DISCRIMINANTS 133

Random forest parameters

Besides the discriminating power, other important characteristics of the RF classifier in-
clude the stability of the RF performance and classification training and response time per
event. These characteristics of the RF are optimized by minimizing the quadratic loss A
(Eqn. (7.1)) of the validation sample when varying the leaf size and the number of decision
trees in the forest [99, 103]. Details of the RF structure used in our analysis are listed in
Table 7.3.

To support our parameter choices and to cross-check for overtraining (i.e. a focus on
features that are too event specific during the training process), we examined the quadratic
loss A (Eqn. 7.1) in the validation sample as the number of trees used to build the RF
increases. The study has been done for each jet multiplicity and each of zero tag and
one loose tag channels at mass points My = 125GeV) and for pretag channels at My =
165 GeV. Figure 7.4 showing the change of the quadratic loss figure of merit (FOM) with
the number of trees verifies that the effect of training is to asymptotically improved the

performance of the RF classifier and no overtraining occurs.

Table 7.3: Parameters used for Random Forest training.

Number of trees in the forest: 25

Criterion for decision tree optimization: Gini index

Minimal number of events per terminal node: 100

Max number of variables used by each decision tree: 50

Number of input variables: varies between samples, see Tables 7.1-7.2

7.1.3 Radom Forest Discriminants

We evaluate the performance of each RF classifier on the corresponding testing sample and
data set at each searched mass point within the range of 100 < My < 200 GeV.

Figures 7.5 and 7.6 show the RF discriminants for signal at My = 125 GeV for the two-
and three-jet channels in the zero b-tag and the one-loose b-tag categories, respectively. The
RF discriminants for signal at My = 165 GeV for all pretag events in the two- and three-jet
channels are shown in Fig. 7.7. The distributions of RF discriminant for MC signals are
likely to be shifted towards unity, while background events are likely to be shifted towards
zero. Agreement is observed with expectations from SM background within the systematic
uncertainty, and the distributions of the RF discriminants are therefore used to set upper

limits on the cross section for SM Higgs boson production as presented in Sec. 9.2.



7. MULTIVARIATE SIGNAL DISCRIMINANTS

= 0.26

0.25

0.24

0.23

0.225

b b b b b b b I

o

Hlo‘”

15

P IR
20 25
Number of trees

F.O

0.25

0.24

o
N
[N

o
)
N

(b)

TN RN NN PR PN PN PRI RN IR AT

S

10

15

P IR
20 25
Number of trees

=
50.215
% 021

0.2

0.19

(LAAANRARRARAAAN AN AR LR AR A

0.18F

o bbb b b b i

15

! !
20 25

Number of trees

F.O.M

0.26

0.25

0.24

0.23

bl bbb b b I

s 03
2029
0.28
027
0.26
0.25
0.24

0.23

o
o

O

IS IS SR U N
5 10 15 20 25
Number of trees

(e)

Locndn b oo b b b i

ol b e b e
10 15 20 25
Number of trees

o
© 0.2
0.215
0.21

0.205

[T T[T I T[T T[T rrrT

0.2

s b b b b

O

Il Il
5 10 15 20 25
Number of trees

134

Figure 7.4: Examination of the quadratic loss F.O.M. when varying the number of trees
used for RF training in two-jet zero tag (a), two-jet one loose tag (b), two-jet pretag (c),
three-jet zero tag (d), three-jet one loose tag (e) and three-jet pretag (f) sub-channels. The
zero-tag and one loose tag channels are trained at My = 125 GeV and the pretag channels
are train at My = 165 GeV. No indication of overtraining is observed.
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Figure 7.5: Distributions of RF discriminant for signal at My = 125GeV in zero b-tag
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Figure 7.6: Distributions of RF discriminant for signal at My = 125 GeV in one-loose b-tag
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Figure 7.7: Distributions of RF discriminant for signal at My = 165 GeV in all pretag
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7.2 MVA Analysis in ZH — ££bb Search

7.2.1 Matrix Elements Discriminants

The Matrix Element technique makes an optimal use of available kinematic information
in building a discriminant to separate signal from backgrounds. In this approach, the
ME probabilities for each event to originate from a certain process are evaluated based
on the parton-level differential cross-section and a parameterized detector response. The
probabilities for individual processes are then combined to form a ME discriminant that
is used to characterize events as background-like or signal-like. The ME discriminant is
constructed such that signal-like events are most likely to take values close to unity, while

background-like events are likely to pile up near zero.

Detector Measurements

PR et i LapTF
Kinematics  \/

qg < ;

s

Parton

Detector Measurements

Figure 7.8: Schematic of the Matrix Element modelling for ZH — £¢bb. Transfer functions
(TF) are used to map calculated parton states to detector level observables.

The Matrix Element Probabilities

A measured event s observed at detector level is the result from an underlying process
with parton kinematics k (Fig.7.8). The ME probability p(s) for the event s being from
a specific signal or background process is calculated by integrating over the phase space
®(k) of outgoing partons, weighing each configuration by the matrix element probability
M for the process to produce a final state with kinematics k. A transfer function T'(k, s)
describes the probability for the final state partons of the event k to produce a detector

measurement s:

p(s) = [ 1MOO T(k5) db (k). (7.2)
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Taking m1, ms, q1 and g9 as the masses and the four momenta of the incident particles, we

have:

4 (k) o -3 0 [ ol
= 1+ g2 — )| 5550
4\/(Q1Q2)2 —mZ2 m2, o g 2m)2E

where k comprises the four-vector states of the outgoing partons. Since the reaction is
initiated by partons inside the proton and antiproton, the phase space has to be convoluted

with the parton distribution functions:

274 z d°pi
d®(k) = Mar+a =Y 0) [ 5=me f(a1)dai f(go)das
4\/((11(12)2 —mg mg, o i (2m)2E

where f(g;)dg; is the probability that a parton i carries a longitudinal momentum between
¢; and g; + dg;.

The whole-event transfer function T'(k, s) is factored into the detector response for each
individual particle species in the final state, jet transfer functions for quarks and muon or

electron transfer functions for leptons:

T(k, S) = H Tz(k‘z,sz)

i=quarks, leptons

The matrix elements (|M (k)|?) are calculated using MCFM [75], a general purpose MC
event generator. We perform the calculation to leading order in perturbation theory where
the final state of the ££bb system has zero transverse momentum. To incorporate the effects
of additional processes such as initial or final state radiation, we fit a prior pp distribution
from the fully simulated MC events (which includes additional processes that boost the ££bb
system) and boost the matrix element in the frame with no net pr to replicate this prior

pr distribution (p(pr)). The full ME is approximately factorized as:
M(pr # 0)* = [M(pr = 0)]* x p(pr).

Computational efficiency is achieved by restricting the integral over underlying parton kine-

matics dk to a region nearby the measured event s.

Transfer Functions

The transfer function T'(Zparton, Treco) is @ parameterized response function of the detec-
tor to a parton (quark or lepton), and it represents the probability that a process with
kinematic quantity Zparton at the parton level will produce a detector measurement Zreco-
The experimental measurement of the £¢bb final state is primarily affected by energy mea-
surement and resolution effect, and we can assume that the reconstructed jet and muon

directions describe the parton directions accurately. The jet (electron) transfer function
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relates the measured jet (electron) energy to the parton quark (electron) energy, while the

muon transfer function relates the observed muon momentum to its incident momentum.

e Jet Transfer Functions

The jet transfer function relating the reconstructed jet energy to the corresponding
quark energy at parton level is parameterized based on the shape of the fractional

energy resolution distribution:

Epart - Ereco

Epart

In order to model the central peak and the asymmetric tails of the distribution, we
use a double Gaussian parameterization and add a small flat background to prevent

rare outliers from distorting the fit. The jet transfer function is parameterized as:

F(z) =

1 (x — pta)” 1 (z—m)? v
N e e B AR 1)

a

where parameters of the two Gaussians are constrained as:

D2 D4 D6 1
= p1+ _p5ﬁ7 0q = (P3+ 1+—7 o = )
fa ( Epart) ¢ ( Epart) 1+ p7 1+ pe
b2 P4 b7 Pe
w = (p1+ + psa, op = (p3s + ; B = :
( Epart ) ( Epart ) 1+ b7 I+ Pe

The data for the fit is obtained from fully simulated MC events where parton-level
quarks are matched to reconstructed jets within a sufficiently small angular range. The
fitted data are selected based on quark flavors and jet decay products. We perform
the fit for the transfer function separately for light flavor jets and b-jets originating
from the parent quark decaying with and without a muon. For each type of jet, we
derived different parameterizations for three n regions in the detector: |n;| < 0.8,
0.8 < |m2] < 1.6, and 1.6 < |n3| < 2.5. The jet transfer function for jets in the ||
region is shown in Fig. 7.9, and the |n| dependencies of the jet transfer functions for

the three types of jets are shown in Figs. 7.10, 7.11, and 7.12.

We perform closure tests to compare the reconstructed energy and transverse mo-
mentum of b-jets in the full MC, to those generated from the parton b quarks after

application of the transfer functions, as shown in Fig. 7.13.

e Lepton transfer function

The enery of electrons is measured by the EM calorimeter, therefore, the electron
transfer function is parameterized similarly to the jet transfer function. The muon
momentum is obtained from the track curvature measurement, making the inverse

transverse momentum (1/pr) best suited for a Gaussian parameterization. We use
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the same orthogonal double Gaussian parameterization as for the jet transfer func-
tion(Eqn. (7.3)), with the substitution £ — 1/pp. The closure tests comparing the
reconstructed muon energies and transverse momentum in the full MC to those gen-
erated from the parton-level muon after application of the transfer functions is shown
in Fig. 7.14.

Prior pr

We use a triple Gaussian fitting function to parameterize the transverse momentum pp of
the [Ibb system:

For(x) = fo+ f1-G(x;01,21) + fo- G(x;02,22) + f3- G(2;03,23),

where x presents the prior ppr of the llbb system, x; and o; are the mean and sigma of
the 7th Gaussian. The fit is performed using the parton shower MC generated by PYTHIA,
which models additional processes that boost the [lbb system. Closure tests for the prior

pr distribution are shown in Fig. 7.15.
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Matrix Element Disciminant

The ME probabilities for each measured event being from either signal or background

processes are calculated and combined to construct a discriminant:

_ Pzy
Pyy+ - Pgjj+ 8- Pz’

where Pz, Pz;; and Py, are ME probabilities for the measured event (s) observed at
the detector to be from the signal ZH — £¢bb and background Z + LF, Z + bb processes,
respectively.

The normalization parameters a and 3 are obtained by maximizing the unbinned like-

lihood i

j : wbkg j : szg i
lOg(L) - VW total lOg [Z] + VW total lOg [l] )’
bkgli bkg siglt

where wl? is the weight of signal or background MC events and the sum is over events in
the training MC sample. A comparison of the matrix-element discriminant for background
and signal in a sample of test events with two-loose b-tags in the muon channel is shown in
Fig. 7.16 for a hypothesized SM Higgs boson mass of My = 125 GeV. Similar distributions
have been calculated for Higgs masses ranging from 100 to 150 GeV in 5 GeV increments.
The constructed ME discriminants will later be used as inputs for the procedure of set-
ting upper limits on the SM Higgs boson production, and then the resulting limits will
be compared to that obtained using the RF discriminants to validate the RF technique
(Sec. 9.3.2).
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Figure 7.16: Output of the ME discriminant for signal (red), background (blue) and data
(black), shown in linear (left) and log scales (right).
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7.2.2 Kinematic Fit and Random Forest Discriminants

For the machine learning approach in the ZH — [lbb analysis, we apply the multivariate
analysis strategy based on the random forest of decision trees implemented in the TMVA
package to improve the separation of signal from background. We first employ a kinematic
fit to improve resolution of the reconstructed invariant mass Mj; of the two leading jets in the
final state, the most important input variable for the RF in the ZH — [lbb analysis [104, 11].
We then use the RF classifier to provide the discriminant distributions for the final statistical
analysis, applied in a two-step process [11]. At the first step, the events are divided into
independent tt-depleted and tf-enriched subchannels using a dedicated RF that is trained
to discriminate signal from the ¢t background. At the second step, final discriminants
are constructed to separate signal from all backgrounds for each of the ti-depleted and

tt-enriched samples.

Kinematic Fit

To make optimal use of the available kinematic information, the energies of the two leptons
that form the Z(— [l) candidate and the two jets that form the Higgs candidate H(— bb)

are fit within their resolutions to values which maximize a likelihood function:
d
L= H f(y;)bsa yzpre )a (74)
i

where f(y?%*,y? "d) is the probability density for observing y2

2*¢ when the predicted value

is y? "ed  The transfer functions derived in Sec. 7.2.1 are used as probability densities for
the energy resolution of jets or electrons and for the inverse transverse momentum (1/pr)
for muon. We use three different sets of jet transfer functions, (i) jets that originate from
a b quark and do not contain a muon, (ii) jets that originate from a b quark and contain
a muon, and (iii) jets that originate from a light quark or gluon. Each set includes three
parameterized functions for different 7 regions in the detector.

The kinematic fit is subjected to the following three constraints:

e The reconstructed dilepton mass must be consistent with the Z boson mass (M =
M) is characterized by a Breit-Wigner distribution with width 'z = 2.4952 GeV [105].

e Each of the x and y components of the vector sum of the transverse momenta of all
leptons and jets in the final state, which allows for a Z + jets system boost along the
x or y axis, must be consistent with zero in Gaussian distributions with the width of
7GeV (the width is determined from the simulated ZH samples).

The constraints on the fit are implemented as probability densities for kinematic constraints
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Figure 7.17: The dijet invariant mass for the simulated ZH signal, at My = 125 GeV,
summed over all lepton channels in the pretag sample, shown before and after the kinematic
fit.

C; that are multiplied with the likelihood function:

L= H Fye, ety - c;, (7.5)
j=1,2,3
where
_ B 1
1 (p"”s p?ired)
Cy=0C, = T
2 Px \/ﬂUm exp{ 205% }7
1 ( obs ppred)
C3 = pr = mexp{—T}. (7.6)
Y Y

The fit to maximize the likelihood in Eqn. (7.5) is equivalent to the fit to minimize the
negative logarithm of the likelihood :

—InL =— Zlnf W,y = InC;. (7.7)
J

The kinematic fit corrects the measured jet energies to their best fit values and improves
the dijet mass resolution by 10—15%, depending on My . Distributions of the dijet invariant
mass spectra, before and after adjustment by the kinematic fit, are shown in Fig. 7.17. The
resolution for My = 125 GeV is =~ 15 GeV after the fit.
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Random Forest Discriminant

We use a two-stage random forest training to improve the discrimination of signal from
background [11, 106]. In the first stage, we train a dedicated RF (t¢RF) that considers
tt as the only background and ZH as the signal. This approach takes advantage of the
distinctive signature of the ¢t background, for instance the presence of large K. We use
the ¢t RF output to define two independent regions, a tt-enriched region (t¢ RF < 0.5) and
a tt-depleted region (¢t RF >= 0.5), for each of the single b-tag (ST) and double b-tag (DT)
categories (Fig. 7.18).

S 250Fgingle Tag D@, 977 32 g ~Double Tag D@, 9.7 fb}
5 2000 —2uF S 700 @
IS B z+bb I= 60 Bl | B Z+bbh
(] Bl Z+cT (<] E | B Z+cT
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Figure 7.18: The tt RF output for all lepton channels combined in ST and DT events trained
for My = 125 GeV. The signal distributions are scaled by a factor of 40. The arrows indicate
the tt RF selection requirement used to define the tt-enriched and tt-depleted subsamples.

In the second stage, we train a global RF to separate the Z H signal from all backgrounds
for each of the tt-enriched and tt-depleted regions. We consider ST and DT events separately
and train the discriminants for each mass point in the range 90 < My < 150 GeV in steps
of 5 GeV. The input variables selected for the RF include particle 4-vectors, angles between
objects in the final state, and combinations of kinematic variables such as reconstructed
masses and event shapes. Among them, the reconstructed invariant mass of the two b-jet
candidates after the jet energies are adjusted by the kinematic fit is the most powerful
variable in discriminating signal from background.

Figures 7.2.2 and 7.20 show the distributions of the global RF discriminants trained for
My = 125 GeV for ST and DT events in the tf-enriched and tt-depleted regions, respectively.
Discrepancies between the distributions of data and the background prediction are covered
by systematic uncertainties, and the global RF discriminants are used to extract results for

the production of a SM Higgs boson.
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Figure 7.19: Distributions of Global RF discriminants for ST and DT events in the ti-
enriched region for My = 125 GeV. The signal distributions correspond to the My used
for the RF training and are scaled by a factor of 40.
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depleted region for My = 125 GeV. The signal distributions correspond to the My used
for the RF training and are scaled by a factor of 400.
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Systematic Uncertainties

The distributions of final MVA discriminants for the observation in data and for the signal
and background processes are used as inputs for statistical calculations to extract limits on
the SM Higgs boson production cross section and branching fraction. The accuracy of these
calculations, as well as the signal sensitivity of our searches, is determined by the impact
of both statistical and systematic uncertainties on the normalization and shape of the final
discriminant distributions.

The systematic uncertainties arising from various sources, such as reconstruction of
objects, calibration of measured quantities and MC generations, are propagated to the final
MVA discriminant by individually varying each source of systematics by +o (where o is
the size of the relevant uncertainty at one standard deviation) and re-performing a full
analysis or just re-evaluating the performance of the trained RF classifier on the modified
testing sample. For the most significant uncertainties resulting from the calibration of jet
energies, jet resolution, jet reconstruction efficiency and deriving the template for multijet
background from data, we need to vary each of corresponding source of uncertainties and re-
perform the entire analysis starting from the event selection. The systematic uncertainties

are classified into two categories:

e Flat systematic uncertainties: affect only the normalization of a signal or back-
ground process, and thereby result in varying all bins of the corresponding RF distri-

butions by a constant factor.

e Shape systematic uncertainties: affect each bin of the final discriminant distri-
bution differently, causing a difference in shape between the nominal distribution and

the distribution with uncertainty propagated.

We assess the impact of systematic uncertainties based on one standard deviation vari-
ations on signals and backgrounds for each of the jet multiplicity and b-tag channels. A
description of the propagation of systematic uncertainties and their status as shape or flat-
only for each of H - WW — puvjj and ZH — £fbb analyses is given in the following

sections.
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8.1

Systematic Uncertainties in H - WW — urjj Analysis

8.1.1 Flat Systematics Uncertainties

The theoretical uncertainties applied to the production cross sections times branching
ratios of signal and background processes are 7% for tt and single top quark production
([85, 86]), 6% for diboson (WW, WZ and ZZ) production ( [87]), 6% for V+Ip
production, 20% for the V+hf production (estimated from MCFM [84, 75]), 6% for the
H - WW - uvjj production and approximately 3% for WH — fvbb and WH —
WWW — lvjjjj production at the hypothesized mass of My = 125 GeV.

The uncertainty in the measurement of luminosity affects the expected rates of all
signal and background processes. We include a flat uncertainty of 6% on the total

integrated luminosity [107].

The parton distribution function (PDF) uncertainty is estimated by calculating the
change in event yield for each of the twenty PDF eigenvectors in the CTEQ6M model
used for MC generation. These twenty uncertainties are then added in quadrature to
produce a single flat uncertainty. A flat PDF uncertainty of 2% is included in our

analyses.

For the searches in the low mass regions (100 < My < 150GeV), we assigned flat
systematic uncertainties of 3% and 5% affecting all signal and background events in
zero and one-loose b-tag channels to account for the uncertainties in the taggability

and b-jet tagging efficiency, respectively.

The normalization of the multijet background is derived from the simultaneous fit
of the multijet template and the V+jets MC sample to the data. We apply a flat
uncertainty on the multijet rate of 20% to account for the uncertainty in the multijet
normalization scale factor. Since the V+jets experimental scaling factors for the three-
jet channel is different from unity, we also apply an additional systematic uncertainty
on the V+jets samples in this channel. The size of this uncertainty is taken as the

uncertainty of V+jets K-factor obtained from the fit described in Sec. 5.5.

We include an uncertainty of 3% on the efficiency of muon identification and an

uncertainty of 2% on the efficiency of jet identification.

8.1.2 Shape Systematics Uncertainties

We assess systematic changes in the shape of the RF discriminant distribution due to
uncertainty in the jet energy scale (JES) by shifting the JES correction for MC jet
energy up and down by one standard deviation and repeating the full analysis with
the resulting jets instead of the nominal jets. In addition to the nominal sample, we

produce JES systematic samples for each of jet multiplicity and b-tag channels. The
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RF trained on the nominal sample is then applied to these systematic samples. The
resulting final discriminant distributions are different from the nominal distributions

and used in the statistical analysis to quantify the systematic uncertainty.

e The uncertainty on jet energy resolution (JSSR) is propagated to the RF discriminant
distribution through similar steps as for the JES uncertainty. Jets are reconstructed
using JSSR parameters fluctuated at 10 to produce two independent JSSR. system-
atic samples for each channel. The RF trained on the nominal sample is then applied
to JSSR systematic samples to obtain corresponding RF discriminant distributions

which are different in shape from the nominal RF distributions.

e We assess systematic changes in the shape of the RF distribution due to uncertainty
in jet identification efficiency (JetID) by shifting the removal scale factor down by 1o,
repeating the selection process, and applying the trained RF on the JetID systematic
sample. For the +1c0 JetID variation, we symmetrize the distribution of the final

discriminant corresponding to the —1o JetID variation.

e The jet vertex confirmed (VC) scale factor is implemented through the use of event
weights. Therefore, the impact of the uncertainty on the VC scale factor to the RF
discriminants is evaluated through event weights by shifting the VC scale factor up

or down by one standard deviation.

e Three shape dependent systematics are considered for the ALPGEN and PYTHIA mod-
eling of V+jets production. To account for uncertainties from ALPGEN reweighting,
we include separate uncertainties on each of the five fitted functions used to apply
the reweighting. The adjusted functions are calculated by shifting the parameter re-
sponsible for the largest shape variation of the fit by +£1o0, and then calculating the
remaining parameters for the function using the covariance matrix obtained from the
functional fit. We apply an uncertainty on the MLM matching ALPGEN tree-level ma-
trix element generators with PYTHIA parton showers to V +jets events. Additionally,
we include an uncertainty for the underlying event (AlpUE) modeled in ALPGEN and
PYTHIA [108]. Both the MLM and AlpUE uncertainties are varied independently and

applied event-by-event.

e The uncertainty on the shape of our multijet sample driven from data is determined by
relaxing the triangular cut on the transverse mass M%V of the leptonic W for vetoing
multijet background (Sec. 6.1.2) to M} > 30 GeV — 0.5 x Er and repeating the
analysis with this selection in place. The positive and negative variations are taken

to be symmetric.

A summary of the magnitude of the systematic uncertainties and their effect on shape or

normalization in RF discriminant distribution is given in Table 8.1
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Table 8.1: Systematic uncertainties for the H — WW — pvjj analysis. Flat systematic
uncertainties are given as a relative change in the rate in percent. The uncertainty on
the experimental K-factor resulting in the uncertainty in normalization of the V+jets MC
sample is only applied to events with three jets. Systematic uncertainties for signals shown
in this table are obtained for My = 125 GeV.

Contribution Signals V+Ip V +hf Top | Dibosons | Multijets
Theoretical X-Section | 3-6% 6% 20% ™% 6% —
Luminosity 6% 6% 6% 6% 6% —
PDFs 2% 2% 2% 2% 2% —
Efficiency of p ID 3% 3% 3% 3% 3% —
Efficiency of Jet ID 2% 2% 2% 2% 2% —
Normalization — 5% (3 jets) | 5% (3 jets) - - 20%
Jet Taggability 3% 3% 3% 3% 3% 3%
b-tagging Efficiency 5% 5% 5% 5% 5% —
Jet Energy Scale Shape Shape Shape Shape Shape —
Jet Energy Resolution | Shape Shape Shape Shape Shape —
Jet Identification Shape Shape Shape Shape Shape —
VC Scale Factor Shape Shape Shape Shape Shape —
Alpgen MLM — Shape Shape — — —
AlgUE — Shape Shape — — —
Multijet Shape — — — — Shape

8.2 Systematic Uncertainties in ZH — ££bb Analysis

Similar to the H - WW — pvjj analysis, we assess the impact of systematic uncertainties
on both the normalization and the shape of the predicted global RF distribution for each
of the signal and background processes in the ZH — £¢bb analysis [11, 106]. We include un-
certainties associated with the theoretical SM cross section for the ZH signal process (6%),
the ¢t (10%) , diboson (7%), the Z+lp (6%) and the Z+hf (20%) background processes.
The uncertainties on the integrated luminosity and the lepton identification efficiencies are
absorbed by the uncertainties on the normalization applied to each of signal and back-
ground processes. Other sources of flat systematic uncertainties include the uncertainty on
the normalization of the multijet background, which is determined from uncertainties on
the normalization fit (typically around 10%), and the PDF uncertainty.

Sources of systematic uncertainty affecting the shapes of the final RF discriminant dis-
tributions are the jet energy scale, jet energy resolution, jet identification efficiency, and
b-tagging efficiency. These shape uncertainties are assessed by repeating the full analysis
with each source of uncertainty varied up and down by one standard deviation. We also
include uncertainties in modeling of the underlying event and the MLM matching process,
which are only applied to ALPGEN Z+jets events. A summary of the magnitude of system-
atic uncertainties and their effect on shape or normalization in the final RF discriminant

distribution is given in Table 8.2.
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Table 8.2: Systematic uncertainties for the ZH — £¢bb analysis. Flat systematic uncertain-
ties are given as the relative change in the rate in percent. Systematic uncertainties for the
Z H signal shown in this table are obtained for My = 125 GeV.

Contribution ZH | Z+lp | Z+bb | Z+ cc | Dibosons tt Multijet
Theoretical X-Section 6% 6% 20% 20% ™% 10% —
PDFs 0.6% | 1.0% 2.4% 1.1% 0.7% 5.9% —
Normalization 51% | 5.1% 5.1% 5.1% 5.1% 5.1% 10%
Jet Taggability Shape | Shape | Shape | Shape Shape Shape —
b-tagging Efficiency Shape | Shape | Shape | Shape Shape Shape —
Jet Energy Scale Shape | Shape | Shape | Shape Shape Shape —
Jet Energy Resolution | Shape | Shape | Shape | Shape Shape Shape —
Jet Identification Shape | Shape | Shape | Shape Shape Shape —
Alpgen MLM — Shape | Shape | Shape — — —
AlgUE — Shape | Shape | Shape — — —
Multijet Shape — — — — — Shape




9. RESULTS OF THE HIGGS BOSON SEARCHES 151

Results of the Higgs Boson

Searches

The MVA discriminant distributions, together with their associated uncertainties, are used
as inputs to a procedure of statistical calculations to derive upper limits on the Higgs boson
production cross section multiplied by the corresponding branching fraction (og). Our
limits setting procedure is based on the modified frequentist CLg approach [109, 110, 111]
and is repeated for each hypothesized mass of the Higgs boson. In this chapter, the Clg
method of limit setting is described first, and then the results of the SM Higgs boson searches
in the fvjj and ZH — £0bb analyses are presented, along with the interpretation of our
Higgs boson searches in models containing a fourth generation of fermions and a model
with a fermiophobic Higgs boson for the fvjj final state. Our search results in the fvjj
and ZH — £0bb analyses are included in the results of the D@ and Tevatron combinations,

which are described in the last section of this chapter.

9.1 CLg Method for Limit Calculation

9.1.1 Procedure for Limit-Setting

The limit calculations in our analyses are performed with the modified frequentist technique
CLs [109, 110] implemented in the Confidence Level Limit Evaluator (COLLIE) package [112].
We first consider the following two hypotheses:

e The background-only hypothesis (B), in which only background contributions are

present.

e The signal-plus-background hypothesis (S+B), in which both signal and background

contributions are present.

We assume that the data collected by an experiment is stochastically sampled from a Poisson

parent distribution. Thus, a set of pseudo-data for each of background-only and the signal-
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plus-background hypotheses is simulated via sampling randomly from a Poisson distribution
with a mean value given by the expected number of events for the hypothesis under the
investigation. The probabilities that the data (either observed data or pseudo-data) are
drawn from distributions predicted under background-only and the signal-plus-background

hypotheses are given as:

bd —b

P(datalB) = ray
P(datalS + B) = W,

where b and s correspond, respectively, to the number of predicted background and signal
events, and d corresponds to the number of events in either observed data or pseudo-data.
The likelihood ratio is then constructed from P(data|B) and P(data|S + B) probabilities,
and taking its logarithm (LLR), we define:

(9.1)

I'=—2In(Q) =2 <w> ,

P(data|B)

which is used as a test statistic in the CLg method to quantify the degree of compatibility of
the data with the background-only and signal-plus-background hypotheses. The probability
distribution function of the test statistic (I') for each hypothesis is numerically constructed
via generating a set of pseudo-data for the corresponding hypothesis by running artificial
pseudo-experiments based on Poisson statistics.

Since the inputs to COLLIE are MVA discriminant distributions, which are histograms
including a number of bins and provided from separate channels, the join likelihood ratio
is formed to combine the likelihood ratios of Poisson distributions from each individual bin

and channel:

Q/ - ﬁ]\ﬁs e—(sij—i-bij) . (Sij + b”)d”/dzj'
=1 j=1 e=®ia) - (bij) i /dy! ’
Nc mes
s Sii + bl
Q/ — H H ij ( J ]> )
=1 j=1

where the index ¢ runs over the number of channels and the index j runs over the number
of bins in each channel. Consequently, the combined LLR for separate channels and bins is

obtained by summing LLR values over all bins and channels:

N¢ Nyins

Sij
I=—2mn(Q) = 22 Z [sl] dij - In(1+ @) . (9.2)

We obtain the observed LLR from Eqn. (9.2) by taking d;; as the observed data for the bin

j of the MVA discriminant distribution for observed data in the ¢ channel. To construct
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the LLR for each of the background-only and signal-plus-background hypotheses, we first
generate an individual ensemble of pseudo-data for each hypothesis. The number of pseudo-
data events in each bin is determined by Poisson trials per bin, which are seeded with
the mean value taken from the sum of contributing processes in that bin for the relevant
hypothesis (s;; + b;; for the S+B hypothesis, or b;; for the B hypothesis). The probability
distribution function of the LLR for each of the background-only and signal-plus-background
hypotheses is populated via evaluating Eqn. (9.2) on the corresponding ensemble of pseudo-
data. Examples of the observed LLR and two distributions of LLR corresponding to the
background-only hypothesis (B Only LLR) and signal-plus-background hypothesis (S+B
LLR) are shown in Fig. 9.1.

= 004 : :
2 — S4B LLR

] 0.035

= — B.Only LLR
e —
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£ 0025
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Figure 9.1: Examples of LLR evaluated for observed data (black) and distributions of LLR
evaluated for backround-only (blue) and signal-plus-background (red) hypotheses. The
shaded red (blue) correspond to the values CLg;p (1 — CLg).

Upon inspection of Eqn. (9.2), the median LLR value is positive for the background-only
hypothesis (d;; = b;;) and is negative for the signal-plus-background hypothesis (d;; =
sij + bij). If the signal rate increases, the distribution of LLR for signal-plus-background
hypothesis in Fig. 9.1 will move further to the left while the distribution of LLR for
background-only hypothesis will move further to the right. Having the LLR distributions
for the two hypotheses constructed, we define the confidence level for each hypothesis as

following

e The confidence level for the signal-plus-backround hypothesis, CLgyp, is the prob-
ability for this hypothesis to produce a LLR more background-like than a reference
LLR (for example, observed LLR or the median LLR for the backround-only hy-
pothethis) denoted as T'y. It is evaluated by integrating the LLR distribution for
signal-plus-background hypothesis from the value of I'y to infinity. In Fig. 9.1, the
shaded red corresponds to the value of CLg4p. The CLg,p is also the p-value for the
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signal-plus-background hypothesis.

e The confident level for the backround-only hypothesis, CLp, is the probability for
this hypotheses to produce LLR more background-like than the reference LLR. It is
evaluated by integrating the corresponding LLR distribution from I'g to infinity. The
value of (1 — CLp) presents the p-value for the background-only model. In Fig. 9.1,
the shaded blue corresponds to the p-value for the background-only hypothesis.

To compute the upper limits on the signal cross section to exclude the signal-plus-background
hypothesis at a certain confidence level, we evaluate the ratio of the confidence levels for

the two hypotheses:

CLs+B
CLg

CLg = (9.3)
As the signal rate increases the CLgip will decrease while CLp will increase, therefore,
the CLg in Eqn. (9.3) will decrease. In order to use the CLg as the modified-Frequentist
statistic to quote a 95% confident level limit, the signal rate is iteratively changed by scaling
the signal cross section in steps until it reaches the desired upper limit agfg% where the CLg

satisfies:
1—CLg > 0.95 or CLg < 0.05. (9.4)

For the SM Higgs boson searches, we present the upper limits on the Higgs boson production

SM).

cross section in units of the SM prediction (o3 ):

Rgs = 022 oM (9.5)

sig/ “ sig *

obs

The observed upper limit, R>®, is obtained from Eqn. (9.5) by taking the value T’y of
the reference LLR, which is used to calculated confident levels CLgip and CLp, as the
observed LLR. The expected upper limit, Rgfép, is computed similarly by using the median
LLR value expected in the background-only hypothesis as the reference LLR. The procedure

of limit-setting needs to be repeated for each each assumed value of M.

9.1.2 Treatment of Uncertainties

The predicted number of signal and background events in each bin of the MVA discrimi-
nant distributions, which are used as the mean values of the Poisson statistics for generating
pseudo-data, are determined with uncertainties as described in Sec. 8.1. In order to incor-
porate effects of these uncertainties in the limit-setting procedure, we fluctuate the signal
and background predictions (s;; and b;;) around their nominal values and within their
uncertainties when generating the pseudoexperiments used to compute CLgyp and CLp.
We include a nuisance parameter for each independent source of systematic uncertainty

and each parameter may affect the predictions of several sources of signal and background in
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different channels, thus accounting for correlations. Gaussian prior densities are assumed for
the nuisance parameters, and systematic uncertainties are parametrized by the dependence
of signal and background predictions on the whole set of nuisance parameters (5) The
parameters present the uncertainties on the signal and background predictions caused by
the corresponding systematics source. The nominal value pg of the predicted number of
events in bin 7 for the background-only or signal-plus-background hypothesis is defined by

the central values of the set of nuisance parameters:

Nproc
—
J

where the index j run over the number of contributing processes for the relevant hypothesis
Nproc-

For each pseudoexperiment, the value of each nuisance parameter 6 is randomly drawn
from its Gaussian distribution with the width o,. For a given set of fluctuated parameters,
the predicted mean values used as the Poisson mean for generating pseudo-data are re-
derived as [112]:

Nproc
—
pi0) = D pij(61, s Ok, ),
J
Nproc Npar
—
piOr) = > ol [+ Reoie). (9.7)
j k=1
where the index k runs over the number of nuisance parameters in the model, oy, =
—
001y (Ok )/ 06 i;} (__6(’“02]/)59’“ defines the fractional change in the number of events for the specified nuisance
2I\"k

parameter k for the specified event source j, and Ry = (0 — 02) /oy represents the deviation
from the central value of the nuisance parameter in units of the Gaussian width oy.

Each common systematics uncertainty, such as the uncertainties on predicted SM cross
sections, identification efficiencies, energy calibration and the uncertainty on a measurement
of the luminosity (Sec. 8.1), is taken to be correlated for each signal or background process
across all channels. These correlations are considered in the process of simulating pseudo-
experiments to ensure the pseudo-data are generated properly. As the nuisance parameter
corresponding to each correlated uncertainty is sampled from a Gaussian distribution and
used to calculate the mean value for each Poisson trial (Eqn.( 9.7)), it is randomly sampled
only once per iteration. In this way, each correlated uncertainty is ensured to have the same
fluctuation for all events of correlated processes and channels.

The statistical uncertainty associated with the number of Monte Carlo events per his-
togram bin of the inputs is also accounted in the calculation of the number of predicted

signal and background events. This is done by performing an uncorrelated Gaussian fluc-
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tuation of the expectation for the number of events in each bin of each event source. The
width of the Gaussian prior is set by the per-bin statistical uncertainty.

The inclusion of systematic uncertainties in the simulation of pseudoexperiments has the
effect of broadening the LLR distributions and, thus, reducing the ability to resolve signal-
like excesses. In order to minimize the degrading effects of systematic uncertainties on the
search sensitivity, we fit the predicted MVA discriminant templates corresponding to each
signal-plus-background and background-only hypothesis to the pseudo-data for each hy-
pothesis while letting the predicted event contribution from each process to vary within the
systematic uncertainties. The likelihood used in the fits is the joint Poisson probability over
the number of bins, and is parameterized as a function of the nuisance parameters and their
uncertainties [111]. Maximization of the likelihood function is performed over the nuisance
parameters and is repeated for each Poisson MC trial. The negative log-likelihood LLR in
Eqn. (9.1) is re-defined to be the negative logarithm of likelihood maximized independently
for the signal-plus-background and background-only hypotheses:

(9.8)

= —21n (Q(dataldo, 1)) = —21n (P(datays +B, 91)> |

P(data|B, 6p)

where 63 represents the set of nuisance parameters for the signal-plus-background hypoth-
esis, bo represents the set of nuisance parameters for the background-only hypothesis, 6,
represents the set of nuisance parameter values that maximize the likelihood for the signal-
plus-background hypothesis, and bo represents the set of nuisance parameter values that
maximize the likelihood for the background-only hypothesis.

Figure 9.2 shows the signal expectation at My = 125 GeV and the observed data with
the background subtracted as functions of the signal purity s/b of the collected bins of
the RF discriminant distributions, where s is the number of signal and b the number of
background events in each bin, for the H - WW — puvjj channel. The background pre-
diction in the background-only hypothesis is fit to the corresponding pesudo-data, allowing
the nuisance parameters to vary within their constraints. The signal expectation is shown
with the SM cross section scaled by a factor of 10 and the uncertainties in the background
predictions after the constrained fit are shown by the solid lines. A good agreement between

data and predictions within the systematic uncertainties is indicated in Fig. 9.2.

9.2 Results of the Higgs Boson Searches in fvjj Analysis

9.2.1 Upper Limits on the SM Higgs Boson Production

The RF discriminant distributions of the H - WW — pwvjj channel (Sec. 7.1) along with
their associated systematic uncertainties are used to extract the upper limits on the SM

Higgs boson production cross section multiplied by the corresponding branching fraction in
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Figure 9.2: The MVA discriminant distributions for the expected signal at My = 125 GeV
and background-subtracted data rebinned as a function of log(s/b) for events in the
H - WW = uvjj channel, after the maximum likelihood fit to the observed data in
the background-only hypothesis. The error bars on data points represent the statistical
uncertainty only. The post-fit systematic uncertainties are represented by the solid lines.
The signal distribution is shown with the SM cross section scaled by a factor of 10. The
inset gives an expanded view of the high log(s/b) region.

units of the SM prediction for this channel. The upper limits are calculated separately at
21 discrete values of the Higgs boson mass, spanning the range 100—200 GeV and spaced in
increments of 5 GeV. For the calculations in the low mass region, 100 < My < 150 GeV,
we use the RF discriminant distributions of the four sub-samples from the zero b-tag and
one-loose b-tag categories with two different jet multiplicities (two jets and three jets). In
the high mass region, 155 < My < 200 GeV, two-jet and three-jet events are used for
the limit calculations without b-tag requirements. To preserve the stability of the limit
derivation procedure in regions of small background statistics, the binning of the RF dis-
criminant distribution is chosen such that the relative statistical uncertainty on the signals
plus background prediction is less than 15%.

Figure 9.3 displays the LLR distributions for the H - WW — uvjj analysis as a
function of the hypothesized Higgs boson mas, M. Included in this figure are the median
LLR values expected for the signal-plus-background hypothesis (LLRgp), background-
only hypothesis (LLRp), and the results observed in data (LLRopg). The corresponding
+1 standard deviation (s.d.) and £2s.d. values for the LLRp at each mass point are
represented by the green and yellow shaded bands.

The separation between the LLRg,p and LLRp distributions provides a measure of the
discriminating power of the search and illustrates the effectiveness of the analysis to separate

the the signal-plus-background and background-only hypotheses. The widths of the one-
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Figure 9.3: The expected and observed log-likelihood ratios (LLR) as functions of the
hypothesized Higgs boson mass My for the H - WW — puvjj analysis. The solid line
corresponds to the LLR obtained from the data. The dashed red and black lines corre-
spond to the median LLR of the signal-plus-background and background-only hypotheses,
respectively. The green and yellow shaded regions are the £1 s.d. and 4+2 s.d. values for
the LLRp corresponding to the background-only hypothesis.

and two-s.d. LLRp bands indicate the fluctuations of the LLRpg due to statistical fluctuations
and effects of systematic uncertainties, assuming no signal. The value of LLRopg relative to
the LLRgyp and LLRp indicates whether the data distribution more closely resembles the
distributions expected if a signal is present or only background is present. The significance of
departures of LLRops from LLRp can be evaluated by the width of the LLRp uncertainty
bands. Figure 9.3 shows that the observed data is consistent with the background-only
hypothesis for 145 < My < 195 GeV and more compatible with the signal-plus-background
hypothesis for 120 < My < 145 GeV.

We calculate the upper limit on the SM Higgs production at 95% C.L. as a function
of the Higgs boson mass My, and present the result in units of the predicted SM rate,
orm/osm, where opy and ogy are the upper limit and the standard model prediction for
the Higgs boson production cross section. The value of LLRopg measured in data is taken
as the LLR reference when calculating the CLg1p and CLp confidence levels used to extract
the observed limit, whereas the value of LLRp for the background-only hypothesis is taken
as the LLR reference to set the expected limits. The expected and observed upper limits
on oy at 95% C.L. extracted from H — WW — puvjj analysis for each hypothesized Higgs
boson mass in the region 100 < My < 200 GeV are presented in Fig. 9.4 and Table 9.1.
The H - WW — prjj analysis is most sensitive to the search for the SM Higgs boson at
the hypothesized mass of 165 GeV, where we expect (observe) the upper limit of 6.14 (4.38)

times the SM cross section. For the mass My = 125GeV, we expect an upper limit at
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43.6 x ogy and observe the upper limit at 83.8 X ogyp-

We combine individual searches from all sub-analyses (H - WW - fvjj, WH — (vjj,
and WH - WWW - (lvjjjj) for different b-tag, jet multiplicity and lepton flavor categories
in the fvjj final state [10]. The distributions of the observed LLR and the median values
of LLR for background-only and signal-plus-background hypotheses for each hypothesized
mass My are presented in Fig. 9.5. The expected and observed upper limits on oy at 95%
C.L. relative to the SM rate for the mass region 90 < My < 200 GeV are shown in Fig. 9.5
and summarized in Table 9.2. For the mass My = 125 GeV, the observed and expected
upper limit are 5.8 X oy and 4.7 X ogy, respectively.

= E D@,9.7fh ™" == Observed
n 10 = Expected
= i I Expected +1s.d
é 10% & Expected + 2 s.d
j -
d 10 ¢
0\3 C
n 1
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v b b b s by b by by b s by a e
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Figure 9.4: The expected and observed 95% C.L. upper limits on SM Higgs boson production
for the H - WW — pvjj channel. The limits are presented as ratios to the expected SM
prediction. The dashed line corresponds to the expected limit, and the solid line corresponds
to the limit observed in data. The shaded regions are the +1 s.d. and £2 s.d. values for the
expected limit.

Upper limits (opm/osm) for H = WW - prjj channel
My (GeV) | 100 105 110 115 120 125 130 135 140 145 150
Expected | 52.1 47.1 55.9 587 53.7 43.6 335 245 21.8 16.0 14.2
Observed | 66.1 44.7 83.8 823 69.5 83.8 529 445 256 13.0 10.7

My (GeV) | 155 160 165 170 175 180 185 190 195 200

Expected | 8.11 6.23 6.14 8.06 9.82 1096 11.9 108 12.0 138
Observed | 5.34 6.88 4.38 6.80 741 894 919 7.70 139 205

Table 9.1: The expected and observed 95% C.L. limits, as a function of the Higgs boson
mass My, presented as ratios of production cross section times branching fraction to the
expected SM prediction.
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Figure 9.5: The LLR (left) and the 95% C.L. upper limit (right) as functions of Higgs boson
mass for the fvjj analysis. The LLR plot shows the background-only expectation (LLRp),
the signal-plus-background expectation (LLRgp), the observed data (LLRops). The green
and yellow bands are the £1s.d. and +2s.d on the background-only expectation. The 95%
C.L. limit on the Higgs boson production cross section is shown as a ratio of the SM cross
section. The black dashed line shows the expected limit, the solid black line shows the
observed limit [10].

Upper limits (oLm/osm) for fvjj analysis
My (GeV) | 90 95 100 105 110 115 120 125 130 135 140 145
Expected | 1.8 19 22 25 29 34 38 47 50 67 78 7.9
Observed 1.6 13 23 1.7 29 46 53 58 85 99 10.7 9.6

My (GeV) | 150 155 160 165 170 175 180 185 190 195 200

Expected | 5.7 52 38 37 44 54 59 70 72 83 89
Observed | 6.1 46 40 28 28 34 42 57 84 69 114

Table 9.2: The expected and observed 95% C.L. limits, as a function of the Higgs boson
mass My, presented as ratios of production cross section times branching fraction to the
expected SM prediction for fvjj analysis.

9.2.2 Interpretation in Fourth Generation and Fermiophobic Higgs Boson
Models

We consider two simple extensions to the SM that can be tested with Higgs boson search

results at the Fermilab Tevatron Collider:

e The models with a sequential fourth generation of fermions (SM4), where the addi-
tional fourth-generation fermions have masses much larger than those of the three

known generations [38, 39]

e The Fermiophobic Higgs boson model (FHM), where the Higgs boson has modified
couplings [40].

The interpretations of our results in the SM4 and the Fermiophobic Higgs boson model are
described below.
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Fourth Generation Interpretation

We consider two scenarios for the masses of the fourth-generation fermions, low-mass and
high-mass. The masses of the fourth-generation neutrino and the fourth-generation charged
lepton in the low-mass scenario are set at m,4 = 80 GeV and mys = 100 GeV, in order to
satisfy experimental constraints [113, 39] and to have maximum impact on the Higgs boson
decay branching fractions. In the high-mass scenario, the masses of the fourth-generation
neutrino and the fourth-generation charged lepton are set at m,4 = mps = 1 TeV/c?, so
that the fourth-generation leptons do not modify the decay branching fractions of the Higgs
boson relative to the SM. In both scenarios, the mass of the fourth-generation down-type
quark is set to mgq = 400 GeV and that of the up-type quark is set to m,4 = 450 GeV [42].

The inclusion of two additional heavy fourth-generation quarks in the SM4 enhances
the Hgg coupling significantly over the SM and, therefore, increases the gg - H production
cross section. Although the larger Hgg coupling also increases the partial decay width for
H — gg, the H - WW decay mode continues to dominate over the loop-mediated decays
for My > 135 GeV. These facts make the search for a Higgs boson produced via gluon
fusion with subsequent decay to WW, gg - H — WW  the most sensitive search for the
Higgs boson in the SM4 model. Table 9.3 shows the (g9 — H) x B(H — WW) for each
of low-mass and high-mass scenarios in the SM4 compared to that of the SM. The g9 - H
cross section is calculated at the NNLO approximation [42] and the H — WW branching

fraction is calculated using HDECAY [81] modified to include fourth-generation fermions [39].

o(gg - H) Xx B(H - WW) (fb)

Mpy (GeV) SM4LM SM4HM SM
110 344.62 344.62 66.78
115 546.98 546.61 105.42
120 778.90 778.90 153.34
125 1071.20 1071.20 205.05
130 1379.15 1379.15 257.08
135 1667.69 1667.69 302.57
140 1989.44 1989.44 337.98
145 2222.18 2222.18 362.16
150 2474.18 2474.18 376.83
155 2731.97 2737.19 385.26
160 3055.84 3056.19 392.96
165 2930.84 3033.90 368.35
170 2546.02 2753.46 331.96
175 2239.78 2469.23 296.69
180 1949.59 2172.73 260.21
185 1569.91 1762.75 212.77
190 1324.59 1479.13 179.21
195 1148.53 1295.75 156.85
200 1027.00 1153.72 140.12

Table 9.3: The 0(gg —» H)xB(H - WW) for each of the low-mass (SM4LM) and high-mass
(SM4HM) scenarios of the fourth generation fermion models and the SM.



9. RESULTS OF THE HIGGS BOSON SEARCHES 162

Our search for the SM4 Higgs boson in the fvjj final state is performed for Higgs mass
hypotheses in the range 110 < My < 200 GeV considering only the gg — H — WW signal
process. Since the sensitivity of high b-tag channels (one-tight b-tag and two b-tag) to the
gg - H — WW signal process in the low mass region is very limitted, we only use events in
zero and one-loose b-tag categories for the search in the range 110 < My < 150 GeV. Events
in all b-tag categories are used for the search in the high mass region 155 < My < 200 GeV.
To set the upper limit on the o(g9 - H) x B(H — WW) in the SM4, we apply the same
analysis steps as for our SM Higgs search, but scale both the gg — H cross sections and
H — WW branching ratio to account for fourth-generation effects. The distributions of
the RF discriminants for the SM4 Higgs boson search at My = 125 GeV for the high-mass
scenario in H - WW — uvjj analysis using events with two and three jets in the zero b-tag
and the one-loose b-tag categories are shown in Figs. 9.6 and 9.7. Figure 9.8 shows the
distributions of the RF discriminants for the SM4 Higgs boson search at My = 165 GeV
for the high-mass scenario in H - WW — uvjj analysis.

V(- pv)+2 jets, zero b-tags V(- uv)+3 jets, zero b-tags
2 [ D@, 9.7 ol + Data £ 3000 D@, 9.7 b+ Data
g 140001 v g r o w
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Figure 9.6: Distributions of the RF discriminants for the SM4 Higgs boson search at My =
125 GeV in zero b-tag events with two jets (left) or three jets (right) for the high-mass
scenario.

The upper limits on o(g9 — H) x B(H — WW) obtained from H - WW — uvjj
channel and from combining all channels in frjj analysis are shown as functions of the
Higgs boson mass in Fig. 9.9, along with the theory predictions for fourth-generation models
in the low- and high-mass scenarios. In the low-mass scenario, our combined search in fvjj
analysis excludes a SM4 Higgs boson with a mass in the range 150 < My < 188 GeV at the
95% C.L. In the high-mass scenario, the mass range 150 < My < 190 GeV is excluded [10].



9. RESULTS OF THE HIGGS BOSON SEARCHES 163

V(- uv)+2 jets, one loose b-tag V(- uv)+3 jets, one loose b-tag
£ 5000 D@, 9.7 fo™ + Data £ 1200 D@, 9.7 fo™ + Data
o r M e [ W%
W 4000F Top &' 1000+ Top
[ [0 V+hf b 0 v+hf
r VA+HF 800 VHF
3000 [l Multijet i Il Multijet
F [ Signal ( x 2000) 600~ [ Signal ( x 1000)
2000 M,=125 GeV r M,=125 GeV
e " 400} = !
1000 ’ 200/
0 -ﬁh&!ﬂl e kel ok
0 0.10.20.30.40.50.60.70.80.9 0 0.10.20.30.4050.60.70.80.9 1
RF Discriminant RF Discriminant

Figure 9.7: Distributions of the RF discriminants for the SM4 Higgs boson search at My =
125 GeV in one-loose b-tag events with two jets (left) or three jets (right) for the high-mass
scenario.
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Figure 9.8: Distributions of the RF discriminants for the SM4 Higgs boson search at My =
165 GeV in all b-tag events with two jets (left) or three jets (right) for the high-mass scenario.
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Figure 9.9: Observed and expected limits on the (g9 — H)xB(H — WW) at 95% C.L. for
the H - WW - pvjj channel (left) and for all channels in fvjj analysis combined (right).
The green and yellow shaded bands indicate, respectively, the one and two s.d. probability
regions in which the expected limits fluctuate in the absence of signal. Theoretical pre-
dictions for SM4 in the low- and high-mass scenarios are shown with blue and red lines,
respectively. The hatched band indicates the theoretical uncertainty associated with the
SM4 low-mass scenario.
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Fermiophobic Higgs Model Interpretation

In the Fermiophobic Higgs model, the Higgs boson does not couple to fermions at the
tree level, but behaves like the SM Higgs boson in coupling to bosons. The zero tree-level
couplings of the Higgs boson to fermions forbids the direct decay to fermions (H — ff)
and suppresses the production cross section via gluon fusion (g9 — H). The decays to two
weak bosons and two photons are enhanced accounting for nearly the entire decay width of
the Higgs boson. Table 9.4 shows the branching ratios for H — V'V decays in the FHM in
comparison to that in the SM.

My (GeV) B(H — WW) B(H — Z2Z)

FHM SM FHM SM
100 0.7353 0.011 0.0763 0.001
105 0.8157 0.024 0.0733 0.002
110 0.8527 0.048 0.0788 0.004
115 0.8664 0.086 0.0887 0.009
120 0.8694 0.143 0.0993 0.016
125 0.8684 0.216 0.1087 0.027
130 0.8667 0.305 0.1160 0.040
135 0.8662 0.403 0.1205 0.055
140 0.8682 0.504 0.1214 0.069
145 0.8741 0.603 0.1178 0.079
150 0.8861 0.699 0.1077 0.083
155 0.9086 0.796 0.0871 0.074
160 0.9512 0.909 0.0466 0.042
165 0.9754 0.960 0.0236 0.022
170 0.9748 0.965 0.0246 0.024
175 0.9663 0.958 0.0332 0.032
180 0.9386 0.932 0.0609 0.060
185 0.8479 0.844 0.1517 0.150
190 0.7881 0.786 0.2116 0.209
195 0.7590 0.757 0.2407 0.239
200 0.7423 0.741 0.2575 0.256

Table 9.4: The branching ratio of H — V'V decays in the FHM and the SM.

Our fvjj analysis here seeks a FHM Higgs boson produced via either the vector-boson-
fusion (VBF) or W/Z associated production process and subsequently decaying to WW or
7 7. We perform similar analysis steps as for the SM Higgs search, but set the contribution
from gg — H production to zero and scale the contributions from fermiophobic signal
processes, VBF - H - VV and VH - VVV (where V=W or Z) to reflect the predicted
rate in the FHM. The contribution of fermiophobic signal processes in high b-tag categories
(one-tight b-tag and two b-tag) to the search at lower Higgs masses is very limited and,

therefore, is neglected. Only events with two or more jets in zero and one loose b-tag
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categories are used in the search for 110 < My < 150 GeV. Events in all b-tag categories
are examined for the search in high mass region 155 < My < 200 GeV. To set the upper
limits on the Higgs boson production cross section multiplied by the branching ratio in the
FHM, we retrain RF discriminant for fermiophobic signal processes for each sub-channel.
The distributions of RF discriminants for the H - WW — purjj channel at the Higgs mass
of 125 GeV are shown in Figs. 9.10 and 9.11.

V(- uv)+2 jets, zero b-tags V(- Jv)+3 jets, zero b-tags
£16000F D@, 9.7 b + Data £ 30001 D@, 9.7 o + Data
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b 2000
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Figure 9.10: Distributions of the RF discriminants for the FHM Higgs boson search at
My = 125 GeV in zero b-tag events with two jets (left) or three jets (right).

V(- uv)+2 jets, one loose b-tag V(- uv)+3 jets, one loose b-tag
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Figure 9.11: Distributions of the RF discriminants for the FHM Higgs boson search at
My = 125 GeV in one-loose b-tag events with two jets (left) or three jets (right).

The upper limits on Fermiophobic Higgs boson production are calculated at 95% C.L.
as a function of the Higgs boson mass for the H - WW — puvjj channel and presented
in units of the FHM prediction in Fig. 9.12 and Table 9.5. The resulting limits for the

combined search in the frjj analysis are also shown in Fig. 9.12.
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Figure 9.12: Observed and expected upper limits at 95% C.L. on fermiophobic Higgs boson
production as a function of its mass for the H — WW — puvjj channel (left) and all
channels in the fvjj analysis combined (right). The limits are presented in the unit of the
FHM cross section. The green and yellow shaded bands indicate, respectively, the one and
two s.d. probability regions in which the expected limits fluctuate in the absence of signal.

Upper limits (oLm/oram) for H - WW - prjj channel
My (GeV) 100 105 110 115 120 125 130 135 140 145 150
Expected 179.9 19.2 187 189 20.2 19.6 21.1 21.1 223 24.7 24.7
Observed 186.1 20.5 199 169 152 30.1 183 26.8 20.7 181 17.7

My (GeV) | 155 160 165 170 175 180 185 190 195 200

Expected 20.1 172 205 21.9 251 314 373 432 456 49.2
Observed 146 15.7 207 2479 36.2 509 76.3 658 93.6 103.9

Table 9.5: The expected and observed 95% C.L. limits, as a function of the Higgs boson
mass My, presented as ratios of production cross section times branching fraction to the
expected FHM prediction.

9.3 Results of the SM Higgs Boson Searches in ZH — ££bb
Analysis

9.3.1 Upper Limits on the SM Higgs Boson Production

We use the global RF output distributions of the four sub-samples for the single b-tag and
double b-tag in the ti-depleted and tt-enriched regions in ZH — £¢bb analysis (Sec. 7.2) along
with the corresponding systematic uncertainties to extract the upper limits for the SM Higgs
boson production in the region 90 < My < 150 GeV, in steps of 5GeV [11]. Figure 9.13
shows the distributions of the LLR for observed data (LLRops) and the median LLR
values corresponding to background-only (LLRp) and signal-plus-background (LLRg;p)
hypotheses. For My > 120 GeV, the observed LLR favors the signal-plus-background
hypothesis. The upper limits at the 95% C.L. on the product of the ZH — ££bb production
cross section and branching ratio are expressed as a ratio to the SM prediction and shown in
Fig. 9.13 and Table 9.6. At My = 125 GeV, the observed and expected limits for ZH — ¢£bb

analysis are 7.1 x ogy and 5.1 X ogy, respectively.
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Figure 9.13: (Left) Observed LLR and median LLR values for S + B and B hypotheses as
functions of My for the S + B and B hypotheses, along with the +1 and +2 s.d. bands
for the B hypotheses, for the ZH — ¢¢bb analysis. (Right) Expected and observed limits at
the 95% C.L. on the ZH — ¢T¢~bb production cross section, relative to the SM prediction.

H Upper limits (opm/osm) for ZH — £€bb analysis H

My (Gev) 90 95 100 105 110 115 120 125 130 135 140 145 150
Expected 26 27 28 30 34 37 43 51 66 87 12 18 29
Observed 1.8 23 22 30 37 43 62 71 12 16 19 31 53

Table 9.6: The expected and observed upper limits at the 95% C.L. on the SM Higgs boson
production cross section for ZH — ¢T/~bb, expressed as a ratio to the SM cross section.

9.3.2 RF Technique Validation with Matrix Element Results

ME discriminants for the ZH — £¢bb analysis are derived based on physically motivated
calculation and, therefore, can be used as a valuable cross check for the more “black box”
approach of deriving the RF discriminants. To validate our RF technique, we determine the
upper limits on the product of the ZH — £¢bb production cross section and branching ratio
0 (pp—zH) X B(rpp) for a tested data set of 3.1 fb~!in ZH — pu~ptbb channel using the ME
discriminant and compare the resulting limits to that obtained using the RF discriminants.

Using ME discriminants as inputs for the limit-setting procedure, we obtain the LLR
distributions and the upper limits for the tested data set, shown as functions of the Higgs
boson mass My in Fig. 9.14. The upper limits determined from the RF discriminants for
the same data set are shown in comparison with the resulting limits obtained from using
the ME discriminants in Fig. 9.15. The compatibility of the signal sensitivities extracted
from the ME discriminants and RF discriminants verifies the performance of the random
forest for the ZH — [lbb channel.

In order to improve signal sensitivity in the ZH — [lbb analysis, we combine the ME and
RF techniques by feeding the calculated ME probabilities into a random forest as additional
input variables. A comparison of the expected limits obtained using RF classifiers which
are trained with or without using the ME probabilities as RF input variables are shown in
Fig. 9.16. As a preliminary result, we observe an improvement of around 5% in expected

sensitivity for the Higgs boson signal by combining the ME and RF techniques.
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Figure 9.14: The LLR distributions (left) and the upper limits (right) determined from
ME discriminants. The LLR plot shows the median LLR for the background-only expec-
tation (LLRg), the signal-plus-background expectation (LLRg;p) and the observed data
(LLRogs). The green and yellow bands are the +1s.d. and £2s.d. on the background-only
expectation. The observed (solid black line) and expected (dotted red line) limits on the
Z H — 00bb production are expressed relative to the SM rate.
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Figure 9.15: The expected limits on the
Z H — (fbb production obtained using the
RF discriminants (red) and ME discrimi-
nants (black). The limits are presented in
the unit of the SM rate.
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Figure 9.16: The expected limits on the
ZH — £0bb production obtained from us-
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(red). The limits are presented in the unit
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9.4 Combined Results from D@ and Tevatron Higgs Boson

Searches

The direct searches for the Higgs boson in pp collisions at the Tevatron are organized into
analysis subchannels comprising different production, decay, and final state particle configu-
rations, in order to maximize the sensitivity for each particular Higgs boson production and
decay mode. Results of the SM Higgs boson searches focusing on the H — bb, H - W+TW ~,
H - ZZ,H - 7777, and H — v decay modes are then combined for the D@ Collaboration
and for both D@ and CDF Collaborations [12, 13]. The combinations are also interpreted

in fermiophobic and fourth generation models.
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Figure 9.17: Observed and expected upper limits at 95% C.L. on the fermiophobic Higgs
boson production as function of Higgs boson mass for the D@ combination (left) and the
Tevatron combination (right). The limits are presented in units of the FHM cross section.
The green and yellow shaded bands indicate, respectively, the one and two s.d. probability
regions in which the expected limits fluctuate in the absence of signal.

Figure 9.17 shows the upper limits on the fermiophobic Higgs boson production at 95%
C.L. in the mass range of 100 < My < 200 GeV for the DO and Tevatron combinations.
The DO combination excludes a fermiophobic Higgs boson with a mass below 114 GeV. Inte-
grating results of searches by both D@ and CDF Collaborations, the Tevatron combination
excludes a fermiophobic Higgs boson in the mass range of 100 — 116 GeV.

In the presence of a fourth sequential generation of fermions, the 95% C.L. upper limits
on the cross section times branching ratio o(gg — H)x B(H — WW) along with the theory
predictions for fourth-generation models in the low- and high-mass scenarios from the D@
combination and from the Tevatron combination are shown in Fig. 9.18. The combined
result of searches by the D@ Collaboration excludes a SM4 Higgs boson in the mass ranges
of 125 < My < 218 GeV and 125 < My < 228 at 95% C.L. in the low-mass and high-mass
scenarios, respectively. Combination of D@ and CDF results excludes a SM4 Higgs boson
at 95% C.L in the mass range 121 < My < 225 GeV (125 < My < 232) in the low-mass

(high-mass) scenario.
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Figure 9.18: Observed and expected limits on the o(g9 — H) x B(H — WW) at 95% C.L.
for the DO combination (left) and the Tevatron combination (right). The green and yellow
shaded bands indicate, respectively, the one and two s.d. probability regions in which the
expected limits fluctuate in the absence of signal. Theoretical predictions for SM4 in the
low- and high-mass scenarios are shown with blue and red lines. The hatched band indicates
the theoretical uncertainty associated with the SM4 low-mass scenario.

The LLR distributions obtained from combinations of searches for the SM Higgs boson
conducted by the D@ Collaboration and by both D@ and CDF Collaborations are shown
in Fig. 9.19 as functions of Mp. The upper limits on the SM Higgs boson production
for the D@ and Tevatron combinations are displayed in Fig. 9.20. The observed data for
each combination are consistent with the background-only hypothesis at masses smaller
than ~ 110 GeV and above ~ 145 GeV. Intersections of the observed limit curves with
the SM=1 line in the limits plots are used to quote ranges of Higgs boson masses that are
excluded in the SM. The result of D@ combination excludes the SM Higgs boson at 95%
C.L. in the mass ranges 90 < My < 101 GeV and 157 < My < 178 GeV. The Tevatron
result excludes the SM Higgs boson at the 95% C.L. in the mass ranges from 90 to 109 GeV
and from 149 to 182 GeV.

For the mass range 115 < My < 140GeV, the data recorded by the D@ detector
exhibit an excess up to two s.d. with respect to the SM background-only expectation,
while Tevatron combined result shows a significant excess above two standard deviations
in the data over the expected background. Additional distributions of median LLR and
the upper limits corresponding to the hypothesis that a SM Higgs boson is present with
My = 125 GeV are also shown in Figs. 9.19 and 9.20. These signal-injected LLR and limit

curves are consistent with the distributions of the observed LLR and observed limits.
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Figure 9.19: The log-likelihood ratio LLR as a function of Higgs boson mass for the DO com-
bination (left) and full Tevatron combination (right) of SM Higgs boson searches. The solid
line shows the observed LLR values, the black dashed line shows the median expectation
assuming no Higgs boson signal is present. The green and yellow shaded bands corre-
spond, respectively, to the regions encompassing one and two s.d. fluctuations around the
background-only expectation. The red dashed line shows the median expectation assuming
a SM Higgs boson signal is present at each value of M. The blue dashed line shows the
median expected LLR assuming the SM Higgs boson is present at My = 125 GeV [10, 13].
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Figure 9.20: Observed and median expected upper limits at 95% C.L on the cross section of
the SM Higgs boson for the DO combination (left) and full Tevatron combination (right).
The limits are expressed as multiples of the SM prediction of the Higgs boson cross section
for each value of My in the mass range 90 — 200 GeV. The green and yellow shaded bands
indicate, respectively, the one and two s.d probability regions in which the limits are ex-
pected to fluctuate in the absence of signal. The blue dashed line shows median expected
limits assuming the SM Higgs boson is present at My = 125 GeV [10, 13].
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To quantify the significance of the excess in the data over the background prediction
for the full Tevatron combination, we calculate the p-value with respect to the background-
only hypothesis at each hypothesized Higgs boson mass. Figure 9.21 displays the observed
p-value, along with the expected p-value assuming a SM Higgs boson signal is present, for
each value of Mp. The median expected p-value assuming a SM Higgs boson is presented
with My = 125 GeV for a signal strength of 1.0 and 1.5 times the SM prediction are also
shown. As seen in Fig. 9.21, the observed p-value is close to 0.5 for 145 < My < 180,
indicating the agreement between the data and the background-only hypothesis. For the
mass range 115 < My < 140, the observed p-value drops significantly. The observed p-value
at My = 125 GeV, which expresses the probability that background would fluctuate up to
the excess seen in the data at this mass point, corresponds 3.0 standard deviations. This
result of the Tevatron combination is consistent with the mass of the Higgs boson observed
at the LHC [5, 6].
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Figure 9.21: The p-values calculated separately at each value of My for the full Tevatron
combination. The solid black line displays the observed p-value and the dotted black line
shows the median expected values assuming a SM signal is present. The associated green
and yellow shaded bands indicate the one and two s.d. fluctuations of possible experimental
outcomes under this scenario. The blue lines show the median expected p-values assuming
the SM Higgs boson is present with My = 125 GeV at signal strengths of 1.0 times (short-
dashed) and 1.5 times (long-dashed) the SM prediction [13].
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Conclusion

Searches for SM Higgs boson production in the leptons plus jets final states with a data set
corresponding to 9.7 fb~! of pp collisions at /s = 1.96 TeV collected by the D@ Experiment
are presented in this thesis. The searches are carried out in two independent analyses,
accounting for different signal topologies.

The fvjj analysis investigates events containing at least two jets, a charged lepton and a
large missing transverse energy arising from the presence of a neutrino. It comprises searches
for three main signal processes, WH — fvbb, H - WW — (vjj, and WH — WWW —
for the SM Higgs boson produced in association with a Z boson and subsequently decaying
to a bottom and anti-bottom quark pair in the mass range 90 < My < 150 GeV, using
events having a pair of charged leptons and least two jets in the final state.

Searching for the SM Higgs boson in both analyses is challenging due to a small sig-
nal expectation and large background contributions at the Tevatron. To focus on each
particular Higgs boson production and decay mode as well as the final state particle con-
figuration, the data set of each analysis is divided into independent sub-channels according
to lepton flavor, jet multiplicity, and the number and quality of b-tagged jets. Multivariate
analyses are optimized for each individual sub-channel to maximize the resolving power for
discriminating the Higgs boson signal from backgrounds. In order to obtain the optimal
signal sensitivity, advanced statistical tools are applied to control the impact of systematic
uncertainties and set the upper limits on the SM Higgs boson production for combined
sub-channels, based on the outputs of the MVA.

Discriminants obtained with the Random Forest classifiers are used as inputs for setting
the upper limits on the Higgs boson production in the ZH — £/bb analysis and the H —
WW — fvjj channel in the fvjj analysis. In order to improve the performance of the RF
classifiers in the ZH — £bb analysis, we employ the kinematic fit and gain an improvement
~ 15% in the resolution of the reconstructed dijet mass, which is the most important variable
for the RF classifiers. Additionally, to validate the Random Forest technique, we construct
the Matrix Element discriminants for a sub-dataset of the ZH — £¢bb analysis. The upper
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limits obtained from using the ME discriminants are consistent with the corresponding
limits obtained by using the RF discriminants.

Our search results for the SM Higgs boson in the ¢vjj and the ZH — ¢£bb analyses have
been published in Refs. [10] and [11]. We set 95% C.L. upper limits on the SM Higgs boson
production cross section in the mass range 90 < My < 200 GeV for the fvjj analysis and in
the mass range from 90 to 150 GeV for the ZH — (¢bb analysis. The observed (expected)
limits at My = 125 GeV for the fvjj and the ZH — (¢bb analyses are 7.1 (5.1) and 5.8 (4.7)
times the SM expectation, respectively. We also interpret the searches in the fvjj analysis
in terms of models containing a fourth generation of fermions, as well as models with a
fermiophobic Higgs boson. In these interpretations, we exclude 150 < My < 188 (190) GeV
in the low-mass (high-mass) fourth generation fermion scenario, and provide 95% C.L limits
on the production cross section in the fermiophobic model.

Each of fvjj and the ZH — 0¢bb analyses provide inputs to the D@ combination and
the overall Tevatron combination. Our combined results of the searches for the SM Higgs
boson in leading decay modes H — bb, H - WYW~—, H - ZZ, H — 77, and H — vv
for the mass range 90 < My < 200 GeV were published in Refs. [12] and [13]. The results
of combined searches interpreted in fermiophobic and fourth generation models are also
described in these papers.

The maximum sensitivity to the Higgs boson produced in pp collisions was attained from
the Tevatron combination. We exclude the Fermiophobic Higgs boson in the mass range
100 < My < 116 GeV at the 95% C.L., and exclude the SM4 Higgs boson in the presence
of a fourth sequential generation of fermions in the mass range 121 < My < 225GeV
(125 < My < 232GeV) in the low-mass (high-mass) scenario at the 95% C.L. The SM
Higgs boson in the mass ranges from 90 to 109 GeV and from 149 to 182 GeV are excluded
at 95% C.L. In the mass range of My =~ 115 — 140 GeV, the data recorded at the Tevatron
exhibit an excess above the background prediction of more than two standard deviations.
At My = 125 GeV, where the largest contribution to the Higgs boson sensitivity at the
Tevatron comes from the H — bb decay mode, we observe an excess in data consistent with
the Higgs boson observed at the LHC, at the level of three standard deviations.

The Standard Model insists that the Higgs boson is the unique source of mass for
all quarks, leptons and gauge bosons, and its couplings to those fundamental particles are
precisely in the ratio of their masses. The ATLAS and CMS Collaborations at the LHC have
discovered a Higgs boson with mass near 126 GeV in the bosonic final states, where the Higgs
boson decays to vy, ZZ, and WTW ™. Our results from the Tevatron combined searches for
the SM Higgs boson at 125 GeV, where much of the signal sensitivity is due to the fermionic
decay mode H — bb, provides evidence for signal at the 3 s.d. level, offering complementary
informaton on the nature of the Higgs boson observed at the LHC. Continuing to uncover
the secrets that the discovered Higgs boson holds has begun a major and exiting theme of
high energy physics. Whether or not the new particle is the Standard Model Higgs boson

will be determined based on further investigations of its quantum properties and precise
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measurements of its coupling to quarks, leptons and gauge bosons. Any deviation from the
SM prediction observed in the couplings of the Higgs boson to other fundamental particles

will lead us to interesting routes for exploring new physics.
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