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A search for the standard model Higgs boson is presented using data collected
in pp collisions at the LHC with the CMS detector. Two distinct Higgs boson decay
channels are analyzed. The H - ZZ — 2/2v channel, where £ = e or u, is analyzed with
data collected in 2011 at /s = 7 TeV corresponding to an integrated luminosity of 4.6
fb~!. No significant excess of events is observed above the background expectation and
the presence of a standard model Higgs boson is excluded in the mass range 270-440
GeV at 95% confidence level. The H — ZZ — 4¢ channel is analyzed with data collected
in 2011 and 2012 corresponding to integrated luminosities of 5.1 and 19.7 fb~! at /s = 7
and 8 TeV respectively. A new boson is observed with a local significance of 6.7 standard
deviations. The mass of this particle is measured to be 125.6 +0.4(stat)+0.2(syst) GeV,

and it has a signal strength of 1.047932(stat) TJ33(syst) relative to the standard model
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Higgs boson expectation. The width of this particle is measured to be less than 3.6 GeV
at 95% confidence level. The spin and parity of this particle is found to be consistent

with the standard model Higgs boson.
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Chapter 1

Introduction

The standard model (SM) of particle physics is an immensely successful the-
oretical framework that describes the fundamental constituents of matter and all the
interactions they experience apart from gravity. One of the great triumphs of the SM
has been to trace the origins of the electromagnetic, weak and strong forces to ele-
gant symmetry principles [1-12]. However, the experimentally observed massive vector
bosons mediating the weak force are indicative of a breaking of the electroweak gauge
symmetry which occurs in the SM as a result of the Brout-Englert-Higgs (BEH) mecha-
nism [13-18]. A consequence of this mechanism is a fundamental scalar boson called the
Higgs boson which, in the SM, couples not only to the weak bosons but also to various
quarks and leptons through Yukawa interactions, and it is through these interactions
that the fundamental constituents of matter acquire mass.

Over the years, experimental investigations have provided direct evidence of all
the constituents of the SM. With the discovery of the top quark at the Tevatron in
1995 [19,20], all the particles of the SM had been directly observed with one exception.
The Higgs boson was still elusive and its mass remained the only unknown parameter of
the SM. Then on the 4th of July 2012, the CMS and ATLAS experiments at the Large
Hadron Collider (LHC) reported the discovery of a new particle with mass of about 125
GeV whose properties were found to be consistent with the SM Higgs boson.

This introductory chapter attempts to set the stage, both from a historical as well
as technical perspective, for this successful search for the Higgs boson which will remain

the focus of this thesis. The chapter starts with an overview of the development of the



electroweak symmetry breaking mechanism in the 1960s, and motivates the necessity
of having a particle like the Higgs boson in the SM. This is followed by a quick review
of the history of the Higgs boson searches and the constraints imposed on its mass
through various direct and indirect experimental measurements. The chapter ends with
a discussion on the physics of Higgs boson searches in the context of hadron colliders.
This leads us in to the second chapter which gives an overview of the LHC and the CMS
experiment, and then describes the process of reconstructing collision events whereby
the raw detector data gets translated into physics objects such as electrons and muons
that are then used to perform physics analyses. The third chapter gives an account of
the various statistical concepts and procedures that are employed in order to make a
quantitative assessment of the collision data. The fourth chapter describes the H —
Z 7 — 202v search which helps in excluding a heavy SM Higgs boson thereby narrowing
the Higgs boson search to a mass range close to 100 GeV. In the fifth chapter we turn our
attention to the H — ZZ — 4/¢ channel wherein we find unambiguous evidence of the
existence of a new boson that decays into four leptons. Having established the existence
of a new boson, we explore the properties of this particle using four-lepton events in
the sixth chapter and try to consolidate the evidence to show that the behavior of this
particle is consistent with the SM Higgs boson. In order to firmly establish the SM
credentials of the newly discovered particle, we need to look beyond the H —» ZZ —
4¢ mode and explore the wide tapestry of interactions of the Higgs boson with other
particles of the SM. Therefore, in chapter seven we broaden our purview and summarize
the results of Higgs searches in several different final states across CMS and ATLAS
experiments. Moreover, we see how the results obtained from these different channels
together help to reinforce the predictions of the SM. Finally, the last chapter informs
the reader of the contributions of the author to the Higgs search program and to the

activities of the CMS experiment in general.

1.1 Theory of Electroweak Symmetry Breaking

In the 1960s, the development of the electroweak theory led to a unified descrip-

tion of the electromagnetic and weak forces based on the Yang-Mills theory [21] of the



gauge symmetry group SU(2);, x U(1)y of weak left-handed isospin and hypercharge.
The electroweak theory together with the SU(3)c gauge theory of strong interactions
provides a a highly successful description of the three fundamental forces of nature in
the context of the SM. The BEH mechanism which explains the breaking of the elec-
troweak symmetry is a critical component of the SM. This section provides a quick
overview of the BEH mechanism and explains some crucial phenomenological aspects of

the resulting scalar particle. Ref. [22] provides a more detailed review on the subject.

1.1.1 Standard Model Particles and Forces

The fundamental constituents of matter are described in the SM in terms of three
generations of chiral left-handed and right-handed fermionic fields. Every generation
consists of two flavors of quarks which experience both strong and electroweak forces
and also two flavors of leptons which experience only the electroweak interaction. The
first generation consists of the up and the down quarks, the electron and the electron
neutrino. The second generation consists of the charm and the strange quarks, the
muon and the muon neutrino while third generation consists of the top and the bottom
quarks, the tau and the tau neutrino. Each of these particles also has a corresponding
anti-particle.

In the first generation, the electron carries one unit of negative electric charge
(—e) while the neutrino is electrically neutral. The up quark carries a +%e electric
charge while the down quark carries a —%e electric charge. The left-handed up and down
quarks, and also the left-handed electron and electron neutrino form weak isodoublets.
The weak isospin quantum number of the up quark and the electron neutrino is —i—%
while that of the down quark and the electron is —%. While there exists no right-
handed electron neutrino in the SM, the right handed up and down quarks as well
as the right-handed electron are weak isosinglets. The fermionic hypercharge, can be
defined as a combination of the electric charge @ in units of e and the weak isospin I? as
Y = 2Q — 2I3. These quantum numbers described for the first generation particles get
replicated for the second and third generation fermions. As a result the charm and top

quarks are often referred to as the ‘up-type’ quarks while strange and bottom quarks

are referred to as the ‘down-type’ quarks. The particle content of the SM as described



here, is listed below.
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The interactions between these fermionic fields are mediated by spin-one gauge
fields. These gauge fields are associated with the generators of the gauge group in its
adjoint representation. Hence, the strong force which is a manifestation of an SU(3)¢

gauge theory has eight gluons fields G}[‘"g.

The electroweak sector represented by
the SU(2)1, x U(1)y gauge symmetry has two sets of fields: B, corresponding to the
generator of the U(1)y gauge symmetry, and three fields Wﬁ’2’3 corresponding to the
three generators of the SU(2)r, group. In order to make the Lagrangian representing

these interactions gauge invariant, the derivative terms have to be replaced by their

covariant counterparts

Oy — Dy =0y — i1 By — igaToW —igsTo G (1.2)

where g1, g2 and g3 are the couplings associated with the U(1)y, SU(2);, and SU(3)c
gauge interactions, while 73 and T2 are the generators of the SU(2) and SU(3) groups
in the representations to which the fields on which these derivatives act, belong. The
covariant derivatives play the key role of introducing interactions in the Lagrangian.
This can be illustrated by considering the free field Dirac Lagrangian for a fermion
which contains the term d,y*t. The imposition of gauge invariance necessitates the
promotion of the derivative in this term to the covariant form as shown below

DO — YDA = (8 — ig1 By — igaTeW — igsT3Go )y

The covariant derivative introduces interaction terms in the Lagrangian between

fermions and gauge bosons which take the general form —g&VM'y“@Z). This scheme of



introducing interaction terms through the covariant derivative is known as minimal
coupling. It is ‘minimal’ in the sense that interactions are introduced by the imposition
of gauge invariance alone and no additional terms are introduced by hand. Lastly, the

field strength tensors for the gauge fields are given by

By, = 0.B,—0,B,
Wi, = 0.W) = 0,Wi + goe™™ WiWy (1.3)
Gl = Gy —0,G) + g3 fGLGy

where €%¢ and f are the structure constants of the SU(2) and SU(3) groups. These
field strength tensors enter the Lagrangian as the kinetic energy terms of the form
—%VWVW. In the case of the of the non-abelian gauge fields, the terms involving the
structure constants are responsible for introducing self-interactions of the gauge bosons.

Putting all of this together we can write down the SM Lagrangian assuming for

massless fermions and gauge bosons. Such a Lagrangian takes the following form

Loy = —1B,Bw — lwe Wi —1Ge i
+iL; Dy Li +iQ: Dy Q; (1.4)

+ieg, Dyt er, + itur, Dy ur, + idgr, DyyHdpg,

The above Lagrangian, while complete and consistent in itself, does not rep-
resent reality. The reason is, of course, the assumed masslessness of all the particles.
Empirically, we know that photons which are the carriers of the electromagnetic force
and gluons, which transmit the strong force are indeed massless. However, we also know
that the mediators of the weak force are massive (in fact, the ‘weak’ force is rendered
weak by the rather large mass of these force carriers). Similarly, the fermions of the
SM are also massive. So, this Lagrangian needs to be extended to include mass terms
for these particles. And it is at this point where we encounter some trouble. Any addi-
tional terms that we might wish to incorporate into the Lagrangian need to also respect
the condition of gauge invariance. The mass term for a vector field V# takes the form
%M 2VKV,. Assuming this to be the gauge field of the U(1) group, a gauge transfor-
mation through a local phase «(z) would imply the following change in the mass term:

SM2VEV, — sM2(VF — 10ta)(V, — L0,0)



Clearly, the mass term is not invariant under the gauge transformation and so,
it cannot be added in an ad-hoc manner to the Lagrangian without breaking the gauge
symmetry. The mass terms for the fermions are no less troublesome. If we have a fermion
field ¢ which only interacts through the strong force, we can add a mass term for it of
the form ma1p without breaking the SU(3)c gauge symmetry. However, a problem is
encountered when we attempt to incorporate the electroweak interaction. To illustrate
the issue, we can rewrite the fermionic mass term as m(¢pr + ¥re1L). The SU(2)L
gauge transformation acts only on the left-handed fermions. Thus, while the left-handed
component in the mass term changes under a gauge transformation, the right handed
component does not vary to compensate this change. As a result the mass term does

not remain gauge invariant.

1.1.2 Symmetry Breaking and Gauge Boson Mass

We are led to an impasse between the rather elegant description of fundamental
forces through gauge symmetries and the empirical fact that the weak bosons and the
fermions of the SM are massive. The gauge symmetries are essential to ensure the
unitarity and renormalizability of the SM interactions, and hence are indispensable. To
resolve this conflict let us consider a massless complex scalar field ¢. Let us associate a
scalar potential V' (¢*¢) with this field such that the functional form of V' has a global

minimum at “—22 with v # 0. The Lagrangian for such a field can simply be written as

Lo = (0,0)(0"6)" = V(9"9) (15)

We see that the Lagrangian respects a global U(1) symmetry. We can introduce
a U(1) gauge interaction by adding a vector field A, to the Lagrangian through a kinetic
energy term —iFWF‘“’ involving its field strength tensor Fj,, = 0,4, — 0, A, and by
promoting the partial derivatives in the Lagrangian of the scalar field to their covariant

counterparts d, — 0, — igA,. The resulting Lagrangian takes the form

1

Loa = (Dud)(D*9)" = V(9"9) = T Euw ™ (1.6)

Here we have constructed a simple toy model of a complex scalar field interacting



with a U(1) gauge field A, which is massless. Now let us redefine the field ¢ as ¢ =
%(v + 6(z))e'®) by introducing a new real scalar field #(z). The phase factor a(x)
in this redefinition of ¢ can be rotated away by exploiting the gauge freedom built into
the Lagrangian. This also then requires the vector field to be gauge transformed as

Ay — A+ éﬁua. The Lagrangian now takes the form

£97A = %DH(U+9)(DM)*(U+9)_V_iFuuFlW
- %(@t —igAu)(v+0)(9y +igAt)(v+6) =V — %FWFW (L.7)
= 10,000 + $g%0% A, AF + L9202 A AP — V — LF,, FHY

The Lagrangian has lost its manifest gauge invariance and a mass term % gQOAMA“
has appeared for the gauge field A,. It seems that we have successfully devised a pro-
cedure to make the vector boson A, massive. Since we haven’t really changed the U(1)
gauge invariant Lagrangian but only redefined the scalar field in it, our model is still
very much a valid U(1) gauge theory. The redefinition of ¢ essentially hides away the
gauge symmetry of the Lagrangian. Now, let us try to go a bit deeper into the physical
meaning of v and 6. Since v represents the minimum of the potential function V', we
expect the ground state or vacuum |Q2) to satisfy (| (¢*¢)|Q2) = “72 So when we re-
define ¢ as ¢ = %(U + 6(x))e'®) the scalar field 6 represents fluctuations around the
ground state. And the consequent excitation of the vacuum results in the production
of a scalar particle. If v # 0, the vacuum state becomes degenerate in the U(1) phase
of ¢ in (] (¢*¢) ) = % It settles into one of the minima thus physically breaking
the U(1) symmetry. What this means is that while our Lagrangian is gauge invariant,
the vacuum state breaks the gauge symmetry. When looking in the vicinity of the vac-
uum (which is the business of perturbation theory) the gauge symmetry of the system
appears to be broken and the gauge boson acquires a mass.

In acquiring mass though, the vector boson needs to pick up an additional degree
of freedom corresponding to its longitudinal polarization which is absent when the vector
boson is massless. Where does this additional degree of freedom come from? Looking

at Lg 4 we realize that 0 represents a real scalar field with just one degree of freedom as

opposed to the complex field ¢ which has two degrees of freedom. In going from ¢ to



one of the two degrees of freedom gets absorbed into the longitudinal polarization of the
massive boson. This apparently seamless transfer of a degree of freedom is possible due
to the very nature of gauge symmetries, which we exploited to rotate away the phase
ax).

From a historical perspective, this spontaneous symmetry breaking mechanism
and the generation of vector boson mass was delivered as a finished product in the year
1964. The first to publish this mechanism were Francois Englert and Robert Brout [13],
followed by Peter Higgs [14,15] and then by the trio of Tom Kibble, Gerald Guralnik and
Carl Hagen [16]. However, there were several others who made important contributions
along the way.

The BCS theory of superconductivity [23,24] that emerged in the 1950s had a
curious feature that it seemed to violate the electromagnetic gauge invariance. Nambu
pointed out in 1960 [25] that the BCS theory actually did respect electromagnetic gauge
invariance, but the symmetry was spontaneously broken in the ground state. He then
extended this idea of spontaneous symmetry breaking to quantum field theories by
constructing a model of chiral symmetry breaking in four fermion interactions [26,27]
which could explain the existence of pions. This prompted a rigorous examination of
symmetry breaking in the context of relativistic field theories by Goldstone and others
[28,29]. Goldstone concluded that the spontaneous breaking of a continuous global
symmetry in a relativistic theory necessarily produces massless scalar particles for each
of the broken generators. So if a gauge symmetry were to be broken spontaneously, we
would expect to see massless Goldstone bosons. But such particles were not observed
in nature. This was a nagging predicament but it would be soon resolved.

In 1962 Schwinger mooted the idea that gauge invariance does not necessarily
imply masslessness of the gauge bosons [30,31]. A year later Anderson demonstrated
this to be true in the context of non-relativistic plasma oscillations [32]. In this paper
Anderson makes a crucial observation. Quoting from the paper itself - ‘the Goldstone
zero-mass difficulty is not a serious one, because we can probably cancel it off against
an equal Yang-Mills zero mass problem’. In fact, Anderson’s paper had all the ingredi-
ents of mass generation through spontaneous symmetry breaking but in the context of

non-relativistic plasma. He did not show explicitly that the Goldstone theorem could be



evaded in the relativistic domain in which it was derived. This is precisely what Higgs
and others were able to demonstrate in 1964. Quoting from the second paper of Higgs
- “This phenomenon is just the relativistic analog of the plasmon phenomenon to which
Anderson has drawn attention: that the scalar zero-mass excitations of a supercon-
ducting neutral Fermi gas become longitudinal plasmon modes of finite mass when the
gas is charged.” Essentially, the BEH mechanism showed that when a gauge symmetry
is spontaneously broken the massive gauge bosons pick up an additional longitudinal
degree of freedom thus absorbing the Goldstone mode. Interestingly, an independent
confirmation of the BEH mechanism was proposed by two undergraduate students -
Alexander Migdal and Alexander Polyakov, from the other side of the iron curtain in a
paper published a year later [33].

While all the three seminal papers of 1964 successfully demonstrated the gen-
eration of vector boson mass through gauge symmetry breaking, there was one feature
that was explicitly demonstrated by Higgs alone. He showed in his second paper that
the scalar boson arising from the symmetry breaking process could itself be massive.
Englert and Brout did not explicitly discuss the scalar boson in their paper, while the
results derived in the paper of Kibble, Hagen and Guralnik correspond to a massless
particle (the equation: —9%¢2 = 0 in [16]). We can see how the scalar boson can be
massive from the above toy study if we Taylor expand the potential V' around the min-
imum. We get V = V(U;) + V”(%Q)G2 + ... If the second derivative of the potential is
non-zero we end up with a mass term for the scalar field 6. In a later paper, Higgs also
computed the amplitude for such a massive scalar to decay into two vector bosons [17].
The search for such a decay of a massive scalar into two gauge bosons eventually became
the cornerstone of the experimental investigations of symmetry breaking phenomenon

as will be demonstrated in subsequent chapters of this thesis.

1.1.3 Symmetry Breaking In The Standard Model

The mechanism that was developed in 1964 was essentially a proof of princi-
ple that gauge bosons can be massive. The next critical step was to incorporate this
mechanism into the real world description of weak forces. It was Salam, Weinberg

and Glashow who put together all the pieces to construct the theory of electroweak
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interactions as we know it today. A Lagrangian could now be written to describe the
electromagnetic and weak forces in nature. This was a remarkable achievement but it
did not still complete the understanding of these forces. As Weinberg himself asked in
his seminal paper on the model of electroweak interactions [2] (which would become one
of the most cited papers in the field), ‘Is this model renormalizable ?’ In other words, it
remained to be shown that the non-abelian gauge theory of electroweak interactions was
perturbatively calculable in terms of its physical parameters. This was accomplished in
1971 by Veltman and 't Hooft [4,5]. Their work was also an early exposition in the use
of computer programs for performing complex particle physics calculations - a staple
of modern day particle physics. The theoretical foundations for the understanding of
the electroweak interactions were thus successfully and rigorously laid down. Let us
now examine how the mechanism of symmetry breaking is introduced into the model of
electroweak interactions.

To begin with, in the SU(2);, x U(1)y theory of electroweak interactions, we
need to generate masses for three weak bosons while keeping the photon field massless.
The three massive weak bosons need to acquire three additional longitudinal degrees
of freedom. Therefore, to break the electroweak symmetry we need to introduce scalar
fields with at least three degrees of freedom. The simplest possibility is a complex scalar
SU(2) doublet that is covariant under the electroweak gauge group.

oo L[ OH [ ) 2y (1.8)
V2 & + it @

This field ® has four degrees of freedom. If ® is assigned hypercharge Yo = 1
then its component ¢! + i¢? will carry unit positive electric charge (hence represented
as ¢T) while the component ¢ + i¢* will be electrically neutral (hence represented as
#°). In our toy study we let the scalar potential V be arbitrary. But the most general

renormalizable potential for the scalar field ® under consideration can be written as

V(®) = p?(dT®) + \(®T®)? (1.9)

In order to introduce this scalar field ® into our massless Lagrangian of the SM

from eq. 1.4, we need to add the following terms to Lgps.
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Ls = (D"®)(D,®) — (@7 d) — \(®TD)? (1.10)

where D, = 0, — ig1 By, — iga2(372)W ¢

., and %Ta which are half times the Pauli

matrices are the generators of the SU(2) group in the representation to which the scalar

doublet ® belongs. Looking at the potential V(®), we see that for the potential to have

a lower bound the coefficient of the quartic term A\ has to be positive. As far as the

coefficient of the quadratic term is concerned, if 42 > 0 then the potential has a minimum
02

at ®'® = 0. However, if u? < 0, the potential has a minimum at ®'® = % where

v = _T“Q If the electroweak symmetry were to be broken in entirety any arbitrary
vacuum state could be chosen such that ®Td = % However, the electromagnetic gauge
symmetry (U(1)gy) needs to remain intact since the photon is indeed massless. This
means that the vacuum expectation value of the electrically charged component of the

scalar field has to be zero. In that case let us assume that the vacuum expectation value

(v.e.v) of @ is given by:

0
@)= (1.11)

ﬁ’U
We can now play the same trick as in the case of our toy model. We can express

any general phi @ in terms of a perturbation H(z) around v as follows

0 o
B(x) = \}5 gioa ()7 /2 (1.12)
v+ H(z)

where a1 2 3(x) are the phases along the three generators of the SU(2) group which can
be rotated away by exploiting the gauge freedom in our model. These will get absorbed
into the three longitudinal degrees of freedom of the weak bosons. The remaining H(x)
field will introduce a new scalar particle into the SM and is referred to as the Higgs
field. We are now ready to see the emergence of the mass terms for the weak bosons.
Recalling the toy study, we saw that the mass terms emerged from the derivative term
of the scalar Lagrangian. Therefore, let us focus only on the (D"(I))T(DMI)) term and

expand it in terms of v, H and the gauge fields W and B),. This leads to
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. . 2
Du@* = |0 —ig1Bu — iga(37) W) 2|
2
ol O $(@WE+ B, —5g(W, —iW}) 0
- 2 . .
—%gg(Wﬁ —‘rZWﬁ) Oy + %(QQWS —ng#) v+ H

= L(0,H)(0"H) + Lgd(v + H)*(W} +iW2)(W]" —iW})

+i(v+ H)*(02W2 — 1B,) (92W4 — 1 B*)
(1.13)

We see that on account of the structure of the Pauli matrices the W and B,
fields get rearranged. We therefore define four orthogonal fields which are linear combi-

nations of Wl‘j and B,,.

+ 1 2 92W32 — q1By, giW32 + 2By,
W, :W#:FWM,ZM:T, §= (1.14)
91 T 91 \/m
We can define sin Oy = 7921 ~. Then Z,, = cosHWWS —sinfw B, and A, =
911395

sin@WWE +cosOy B,,. Thus the fields Z,, and A, can be thought of as rotated or mixed
forms of ij and B, and the angle 6y represents the degree of this mixing. In fact,

Ow is known as the electroweak mixing angle. Eq. 1.13 can now be written as

(D"®)/(D,®) = L(0,H)(0"H) + Lg(v +H)*W, W
(g + g3) (v +H)*Z, 20
= (0, H)(0"H) + $g30° W, W + L(g? + g2 2,z (1.15)

_l’_

+95oHW W + 1(gf + g3)vHZ, Z¢
+g B HPW WH + 5 (g7 + g3)H2 2, 2"

The above equation is extremely instructive. Firstly, we see that the field A,
does not appear at all in eq. 1.15. There is neither a mass term associated with A,
nor is there any term involving A, and H. This is the electromagnetic field which is
massless as it should be and it doesn’t interact directly with the Higgs field at tree level.
Then, the W= and Z fields have picked up masses My, = %ggv and Mz = %(m)v
respectively. Moreover, My, and My are related by the electroweak mixing angle since

My = Mzcosbtyy. There are also interaction terms involving the Higgs field and the
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W, Z bosons. These include cubic terms %g%vHW,}W*“ and %(g% + g%)vHZMZ“, and
quartic terms £ (v + H)2(92W3 —q1By)(92W4' — g1 B*) and 3 (g3 +93)H?Z,Z". The cubic
terms which physically represent the coupling of the Higgs boson to a pair W and Z
bosons give us two of the leading search channels in the discovery program of the Higgs
boson which look for the decay of the Higgs boson to two W's or two Zs.

To learn more about the Higgs boson itself, we need to look at the potential
term that we have so far ignored in our discussion. On writing the potential in terms of

v and H we get

1 . 1
V= —1/\1}4 + \?H? 4+ \oH? + 1AH‘* (1.16)

The term A\v?H? is the mass term form the Higgs field. The mass of the Higgs
boson is my = 2 \v? = —2u2. The remaining terms (ignoring the constant term —%)\v‘l)
represent the self-interactions of the Higgs field. What remains now is to obtain the
fermion masses. Amazingly, this can also be achieved with the scalar field ® which till
now had only been tasked with the breaking of gauge symmetry. We can introduce the
gauge invariant terms into the Lagrangian which represent the renormalizable Yukawa
interactions between the left and right-handed fermions and ®. In the case of the electron

and electron neutrino these Yukawa interactions can be expressed as

Ee,ye,tb = —)\eI:(I)BR — )\eéR(I)TL
1 - 0 1 _ Ve
= —ﬁ)\e(yeaeL) EeR — ﬁ)\eeL(O,’U—i—H) (1_17)
v + H er,

= —%)\ev(éLeR + éReL) — %/\J‘I(éLeR + éReL)

We see that we have generated the electron mass which can be written as m, =

1
V2

The neutrino doesn’t figure in the Lagrangian and so it remains massless. We can

Aev along with an interaction term which couples the Higgs field to an electron pair.

use the same procedure to generate the mass of the down quark. However, for the up
quark we have to introduce Yukawa terms involving the isodoublet ® = i72®* which

has hypercharge Yz = —1. We can write the Lagrangian part representing the masses
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of the electron and the up and down quarks as

L= —M(LOer + RD'L) — Ay(QPdr + dr®' Q) — A (QPur +1R® Q)  (1.18)

This Lagrangian can be extended to include the second and third generation
quarks and leptons as well but in doing so we need to account for an added complication
of cross-generation mixing which makes the weak eigenstates different than the mass
eigenstates of the quarks. This leads to the Cabibbo-Kobayashi-Maskawa (CKM) mixing
matrix [34,35] which won’t be discussed here. But the description of the SM with all its
constituent particles is now complete. It has been established that the masses of weak
bosons and fermions of the SM arise from interactions involving a scalar doublet field
® which on breaking the electroweak symmetry gets reduced to the Higgs field H. The
couplings of the interactions between the Higgs boson and the weak bosons (V') and
fermions (f) in turn depend on their respective masses. So, we have

my my miy
guff =i " gHVV = *QZT,QHHVV = *21? (1.19)

We see that the strength with which the Higgs boson interacts with a fermion is
directly proportional to its mass while in the case of the weak bosons it varies quadrat-
ically. Moreover, we see that the particle masses and the Higgs couplings to other
particles depend on the v.e.v of the scalar potential. The v.e.v can be directly obtained
from the Fermi constant (v = (v/2G F)_1/2) which in turn can be obtained experimen-
tally by measuring the average lifetime of a muon before it decays into an electron and
a pair of neutrinos. The value of v is found to be about 246 GeV [36]. We see from
eq. 1.16 that in order to fully determine the scalar potential V', we need to measure
A in addition to v. The parameter A, however, only appears in the mass of the Higgs
boson and in terms involving its self-interactions. Therefore, to measure A we need to
directly observe the Higgs boson and measure its mass. It is in this sense that the mass
of the Higgs boson is the last unknown of the SM. All other parameters of the SM (the
particle masses, the gauge couplings, the mixing angles) have been directly measured.

Although the mass of the Higgs boson is a free parameter, it is possible to impose
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certain constraints on it from a theoretical standpoint. If the Higgs boson is too heavy,
the scattering of the longitudinally polarized W and Z bosons becomes increasingly
strong until it breaks the unitarity condition [37-39]. By doing some partial wave
analysis it can be shown that unitarity gets violated if the mass of the Higgs boson
exceeds 1/47v/2/3Gr ~ 0.7 TeV. One can turn around this problem to ask another
question - if the Higgs boson does not exist at all but some new physics is responsible
for the breaking of electroweak symmetry, what is the energy scale at which this new
physics will have to emerge to cure the unitarity problem. A similar partial wave analysis
yields a limit of {/87v/2/Gr ~ 1.7 TeV [40]. These two upper limits, one on the mass
of the Higgs boson and the other on the scale at which new physics must appear in the
absence of the Higgs boson, led to the so called ‘no lose theorem’ which essentially said
that any experiment capable of probing WW scattering at the TeV scale will necessarily
find something that explains the breaking of electroweak symmetry. Such a guarantee
provided impetus to the construction of the Large Hadron Collider which did end up,
as we will see, finding that something.

Let us consider here, only in passing, a curiously unnatural feature of the Higgs
boson in the SM. Through its interactions with itself and other particles, the Higgs boson
acquires corrections to its mass that are proportional to the ultraviolet cut-off scale (the
energy scale at which we assume new physics to take over the SM). Assuming this scale
to be the Planck scale, for the Higgs boson to have mass in the TeV range its bare mass
must be fine-tuned to a precision of 16 orders of magnitude. In other words it is extremely
unnatural for the Higgs boson to be as light as we expect it to be. This uncomfortable
feature is indicative of new physics beyond the standard model. It may be possible that
a new, hitherto undiscovered, symmetry of nature may protect the Higgs boson mass
from the extremely large quantum corrections that appear in the SM. Supersymmetry
is a prominent candidate in this regard [41]. Or it may be possible that some new strong
interactions emerge at the TeV scale and break the electroweak symmetry, in which case
the mass of the Higgs boson (which would no longer be elementary) would be protected

by the scale at the which these new interactions become strong or non-perturbative.
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1.2 History of Higgs Boson Searches

1.2.1 Searches at LEP

The first comprehensive program to search for the Higgs boson was undertaken
at the Large Electron Positron Collider (LEP) at CERN which started its operations in
1989 and continued running till 2000. In the first phase of operations between 1989 and
1995 (termed as LEP1) the machine was commissioned as a Z boson factory and collided
electrons and positrons and center of mass energies close to the Z boson resonance. In
the second phase between 1995 and 2000 (termed as LEP2) the center of mass energy
was gradually increased untill it reached a maximum value of 209 GeV by the time
of shutdown. A detailed review of the Higgs boson searches at LEP can be found in
Ref. [42]. The final combination of the Higgs boson searches at the four LEP experiments
- ALEPH, DELPHI, L3 and OPAL has been published in Ref. [43]. A brief summary is
presented below.

In the LEP1 era the dominant production mechanism was the so-called Bjorken
process ete™ — Z — Z*(f f)H which is illustrated by the Feynman diagram shown in
Fig. 1.1. The mpy < 20 GeV region was excluded by performing searches with event
topologies involving Higgs boson decays to a pair of leptons or a jet of hadrons and
the off-shell Z* decaying to a pair of neutrinos. In the case of an extremely light Higgs
boson with mass less than or around twice the mass of an electron, which would be
long-lived, the search topology comprised of the Z boson decays to a pair of leptons and
the Higgs boson escaping undetected. For my > 20 GeV, the Higgs boson which would
decay predominantly two a pair of bottom quarks was searched for in association with
an off-shell Z boson decaying to neutrinos, electrons or muons. At the end of LEP1,

Higgs boson with mass less than 65.6 GeV was ruled out at 95% confidence level (CL).

Figure 1.1 Leading order Feynman diagram for the Bjorken process
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In the LEP2 era, as the center of mass energy was increased farther away from
the Z pole, the dominant Higgs boson production processes were the so-called Higgs-
strahlung and weak boson fusion as illustrated in Fig. 1.2(a) and 1.2(b) respectively.
The search was performed looking for H — bb events along with two fermions produced
from the decay of the associated Z boson or two leptons from the weak boson fusion.
By the end of 1999, using eTe™ collisions with a center of mass energy upto 201.6 GeV
the Higgs boson was excluded upto a mass of 108.6 GeV at 95% CL. Then in the year
2000, the last year of operation of the LEP machine, a final push was made to increase
the center of mass energy up to 209 GeV. The exclusion was extended to 114.4 GeV at
95% CL but interestingly an excess of about two standard deviations was observed at a

mass value of 115.6 GeV.

Figure 1.2 Leading order Feynman diagrams for the Higgs-strahlung and weak boson
fusion processes

1.2.2 Searches at Tevatron

As LEP shutdown its operations in 2000 to start the construction of the next
generation Large Hadron Collider, the only machine in the world that was capable of
searching for the Higgs boson was the Tevatron collider at Fermilab. The Tevatron
collider, unlike LEP, was a hadron collider which collided a beam of protons with a
beam of antiprotons with a center of mass energy that ultimately reached 1.96 TeV. The
Tevatron machine also ran in two phases. The first phase (termed as Run I) extended
from 1986 to 1996 and saw p — p collisions at a center of mass energy of 1.8 TeV. The
biggest achievement of this phase of the Tevatron was the discovery of the top quark,
the heaviest particle in the SM. By the time LEP shutdown, Tevatron had entered its

second phase (termed as Run II) which extended from 2001 to 2011 and during which
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the center of mass energy of collisions was boosted to 1.96 TeV. The physics of a hadron
collider is significantly different than that of a lepton collider. As we will see in the
next section, the production mechanism of the Higgs boson in hadronic collisions is very
different when compared to eTe™ collisions. Also, the background from QCD induced
processes is much larger in hadronic collisions. As a result, the Tevatron searches were
only sensitive to myg > 100 GeV. In fact, the most sensitive spot in the Higgs boson
mass spectrum for the Tevatron was around myg = 2My ~ 160 GeV. At this value
of my, the two W bosons from the Higgs boson decay get on mass shell, and so the
branching ratio of the H — WTW ™ process is close to 1. In other words, for my ~ 160,
the Higgs boson almost exclusively decays to a pair of W bosons. Moreover, the event
topology of the fully leptonic final state of the H — W W~ process (wherein each of
the two W bosons decays leptonically to a neutrino and either an electron or a muon)
allows for effective suppression of the large backgrounds. In the year 2010, the CDF and
DO experiments combined their search results with around 6 fb~! of collision data and
reported the exclusion of the Higgs boson with mass between 158 to 175 GeV at 95%
CL [44].

1.2.3 Constraint from Electroweak Measurements

Apart from the direct searches for the Higgs boson that were performed at LEP
and Tevatron it was also possible to perform indirect measurements of the putative mass
of the Higgs boson. Since the Higgs boson coupled to all the particles of the SM (apart
from the photon and the gluons) it was possible to use the measured values of the SM
parameters to fit for the mass of the Higgs boson. Such a fit performed in 2010 put an
upper limit of 158 GeV on the Higgs boson mass at 95% CL [45]. The x? distribution
of the fit is shown in Fig. 1.3. This meant that the mass of the Higgs boson should be
less than 158 GeV in order to be consistent with precision electroweak measurements
performed by several past experiments at LEP, SLC and Tevatron.

This was the state of Higgs boson searches in 2010, the year the LHC started its
operations. In one year’s time the LHC overtook the Tevatron in terms of the search
reach for the Higgs boson [46]. In July 2012, the LHC experiments ATLAS and CMS

jointly announced the discovery of a new particles with mass of 125 GeV in their Higgs
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Figure 1.3 x? distribution of the electroweak fit performed on the mass of the SM Higgs
boson using inputs from precision electroweak measurements. The yellow region denotes
the SM Higgs boson mass range directly excluded by the LEP and Tevatron experiments.

boson searches [47,48]. This discovery was simultaneously corroborated by the Tevatron
experiments which observed an excess in the mass region between 120 and 135 GeV,
when looking for Higgs boson decays to pair of bottom quarks in association with a W
or a Z boson. This combined search which was performed by analyzing the full Run II
data corresponding to an integrated luminosity of 10 fb~! observed a maximum local

significance of 30 [49, 50].

1.3 Higgs Hunting at Hadron Colliders

The particle colliders at the forefront of high energy physics in the past few
decades have either collided two beams of leptons (electrons and positrons) as in the
case of LEP or SLC, or a beam of leptons (electrons or positrons) with protons, or a
beam of protons with (anti)protons as in the case of SPS, Tevatron and LHC. In the
case of the eTe™ colliders the collisions take place between two elementary particles with
well-defined initial momenta. These collisions can be very effectively described using well
established techniques of perturbative quantum field theory. On the other hand protons

are extremely complicated physical objects that consist of three valence quarks (two up
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quarks and one down quark) and a sea of quark-antiquark pairs, all bound together by
gluons through non-perturbative QCD interactions. As a result, interactions involving

(anti)protons are much more complex when compared to ete™ collisions.

1.3.1 Physics of Hadron Collisions

When proton - (anti)proton beams collide the resulting hadronic interactions can
be broadly categorized as ‘hard’ and ‘soft’ depending on whether the scale of momentum
transfer in the interaction lies in the perturbative or non-perturbative regime of QCD.
Typically an interaction in which the momentum transfer is below the GeV scale, can
be regarded as a soft interaction. The overall cross-section of hadronic interactions is
dominated by the soft-interactions, which in turn can be classified into two types. The
first type is known as elastic scattering where the final state also consists of two protons
(electromagnetic scattering of two protons is one example). These interactions largely go
unnoticed since the two protons are unlikely to fall within the detector acceptance. The
second type is known as inelastic scattering in which one or both of the incoming protons
disintegrate into other particles. Some of the remnants of the disintegrated protons may
enter the fiducial region of the detector. Such events are termed as ‘minimum bias’
events, or events which can be observed by lowering the bias or the requirement on
detector activity to a minimal level.

In most searches for new physics, it is typically the hard interactions that are
of interest. Since the hard interactions are characterized by a high momentum transfer
scale, they are capable of probing smaller distances, or in other words they are are capa-
ble of probing the very constituents of the protons. In this regime proton-(anti)proton
interactions can be viewed as interactions between the constituent quarks and gluons,
which are collectively termed as partons. These partons carry a variable fraction of the
(anti)proton momentum and so their interactions occur over a broadband of energies
even though the energy of the (anti)protons is fixed. Let us consider a generic parton-
level interaction a + b — ¢ + X where parton a from a proton interacts with a parton
b from the colliding (anti)proton to produce a final state comprising of particle ¢ and
anything else (denoted by X). Let us assume the a carries a fraction z, of the proton

momentum while b carries a fraction x; of the other colliding (anti)proton’s momentum.
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If the center of mass energy of the of the colliding hadrons is denoted by s, then the cen-
ter of mass energy of the colliding partons is given by § = z,x3s = 7s. The cross-section

for this process can be written as

doay(5) = fH(xa) f2(xp)dé(a+ b — ¢+ X) (1.20)

where do(a+b — c+X) is the cross-section of the elementary process a+b — ¢+ X while
fH(z,) and fZ(xp) are the parton density functions (PDFs) that give the probability of
finding partons a and b in the two hadrons carrying the respective momentum fractions
2z, and xp. As of now, it is not possible to derive these PDFs from first principles but
they have been obtained empirically from deep inelastic scattering experiments. If we
now wish to compute the cross-section for the full hadronic interaction p+p(p) — ¢+ X
we will have to integrate over x, and x; and sum over all the partons. Thus we can

write

do(s) = Z/dxadxbf;(xa)f,?(xb)d&(a +b—c+ X) (1.21)
a,b

The above equation can be recast into a more informative form by defining the

so-called parton-parton luminosity functions as follows [51]

ALy, 1
dr 1+ dgp

1
/ dalfH(x) F2(r o) + fL(2) f2(r /) fa (1.22)

where 04, is the Kronecker delta function. The differential parton-parton luminosity
dLgp represents the number of parton-parton interactions that occur in the center of
mass energy interval of [s7, s(7 4 d7)]. We can therefore write the differential hadronic

cross-section with respect to 7 as

do dLgp
— = —— (8 1.23
dr dr (3) ( )
a,b
where G44(8) is the partonic cross-section of the given process at center of mass energy §.
What we see from this equation is that the cross-section for a given hadronic interaction

(e.g. p+p — H+ X) depends not only on the elementary partonic cross-section but

also on the parton-parton luminosity of a hadron collider. In Fig. 1.4 the gluon - gluon
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and quark - quark (representing valence quarks of the colliding hadrons) luminosities
are shown. For a particle of mass ~ 100 GeV, the gluon - gluon parton luminosity is
larger than the quark - quark luminosity by about an order of magnitude for a 14 TeV
collider (the design energy of the LHC). In fact a TeV scale hadron collider is largely a
gluon collider. This has important implications on the production of the Higgs boson
but before elaborating on that let us take a small detour to establish the preferred

coordinate system used in hadron collider physics studies.
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Figure 1.4 Gluon - gluon luminosity shown on the left and quark - quark luminosity
shown on the right [52]

1.3.2 Coordinate System for Hadron Collisions

One key distinguishing feature between hadron collisions and e*e™ collisions is
that in hadron collisions the initial momentum of the interacting partons cannot be
known apriori. This feature makes hadron colliders broadband colliders and to compute
a cross-section we need to integrate over all possible values of parton momenta. In our
discussion above this feature manifests itself through two unknown variables x, and xp.
We have seen that ,/x,7;s gives the center of mass energy of the colliding partons. If z,
and xp are not equal then colliding partons carry a longituidinal momentum (z, —zp)+/s
with respect to the center of mass frame of the hadrons which is the laboratory frame.
This is also unlike the eTe™ collisions whose center of mass frame coincides with the

laboratory frame. Since we cannot a priori know the boost of the interaction system

with respect to our laboratory frame we need to define a coordinate system that is the
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most convenient to use under longitudinal boosts.

Let us start with the cartesian coordinate system in which particle momentum
can be expressed as (py,py,P-), where the z-axis is aligned parallel to the direction of
the incoming hadrons. A more natural system of coordinates in collider physics is the
cylindrical coordinate system in which the momentum vector is denoted by (pr, ¢, 2)
such that pr = ,/p2 +p2, p. = prcos(¢) and p, = prsin(¢). The reason for this
preference is that the incoming particle momenta have no dependence on ¢, and so
the outcome of collisions has a ¢-symmetry which can be effectively exploited in the
cylindrical system. The coordinate pp is called the transverse momentum of the particle.
Now, we hope to replace the z-coordinate with a quantity which is easier to deal with
under boosts along the z-axis. Let us consider the rapidity (I') of a particle which is

defined as follows

1. E+p,

I'=-1
QD(E—pz

) (1.24)

where E is the particle energy. Now let us boost the system along the z-axis with a

boost parameter v such that

E' = Ecoshy — p.sinhy

(1.25)
p, = pycoshy — Esinhy
The rapidity in the boosted frame is then given by
1. E+7p 1. (F h~ — sinhh 1, e
1—\/ — 711’1( / +plz) _ *h’l( +pZ)(COS Y S%Il ,Y) -T 4 711,167 —T— v (126)
2 B —p, 2" (E — p,)(coshy + sinhh~y) 2 e

Therefore, we see that rapidity changes additively under boosts which is much
simpler than the transformation of p, which is given in eq. 1.25. Moreover, differences
in rapidity remain invariant under boosts i.e AT' =T'y — 'y = I';, — I'{. In high energy
collisions, the final state particles are typically detected are relativistic energies i.e. their
momemta are generally much larger than their masses. In this limit we can equate the
particle energy with the total momentum i.e. we can write E ~ / p% + p?. If we denote

the polar angle as cos(f) = p./ p% + p? then we can define pseudorapidity 7 as the
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massless limit of rapidity which can be written as

1. FE 4 Ecosf

In( 1 + cosf
= —Nn({———— —_—
" 2 “E + Ecosf

T ooy = n(tan(6/2)) (1.27)

) = in(

For the reasons discussed (pr, ¢, 7) is the most commonly used coordinate system
when studying hadron collisions. We will use this system exclusively in the remainder

of this thesis.

1.3.3 Higgs Boson Production
Gluon Fusion

We established earlier that multi-TeV hadron colliders are essentially gluon col-
liders. Therefore, in such machines, the Higgs boson is is expected to be produced
mainly through gluon - gluon interactions. While gluons do not directly couple to
the Higgs field they can interact through a quark loop to produce a Higgs boson as
shown in Fig. 1.5. For the five light quarks, all of which satisfy 4m3 < m%{, it can
be shown [51] that the gluon fusion cross-section is suppressed by mg /m¥. As a result
it is the top-quark loop which dominates this process. Over the years, a lot of theo-
retical effort has gone into improving upon the cross-section predictions for the gluon
fusion process by taking into account higher order radiative QCD and electroweak cor-
rections. The leading order (LO) cross-section process indicated by Fig. 1.5 scales as
the square of the strong coupling constant a, due to presence of the quark loop [53].
The corrections at next-to-leading order (NLO) in a; have been computed using the
exact dependence on the top and bottom quark masses [54,55] and they result in 80 -
100% increase in the LO cross-section. The NLO computation has also been performed
in the m; — oo limit using techniques of effective field theory and the results agree
with the exact computation to within a few percent [56,57]. This large m; approach
has then been extended to the next-to-next-to-leading order (NNLO) which shows an
enhancement of around 25% to the NLO cross-section [58-64]. Further improvements
have been introduced by performing the soft gluon resummation up to next-to-next-to-
leading logarithm (NNLL) [65] and these contribute to less than 10% enhancement in

the cross-section. Similarly, electroweak corrections up to the two loop level are known
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and contribute to a few percent change in the cross-section [66-70]. Apart from provid-
ing an accurate evaluation of the cross-section, the higher order QCD corrections are
also important for the correct modeling of the differential profile of the cross-section as
a function of the transverse momentum of the Higgs boson, the number of additional
jets in the event, etc. - variables that are exploited in several search modes to improve

sensitivity.

Figure 1.5 Leading order Feynman diagram for gluon fusion

Vector Boson Fusion

After gluon fusion the next two prominent modes involve ‘electroweak’ produc-
tion of the Higgs boson i.e. these processes rely on the electroweak couplings of the
quarks at leading order. The more dominant of these two processes at the LHC, which
is a p—p collider, is weak boson fusion or vector boson fusion (VBF). In this process, the
interacting quarks from the two hadrons scatter off of each other by a t-(or u-)channel
exchange of W or Z bosons which then ‘fuse’ into a Higgs boson. This is shown in
Fig. 1.6. The final state comprises of the Higgs boson and two jets with a large pseu-
dorapidity gap between them. Since the quark scattering is mediated by colorless weak
bosons, there are no jets produced in the central region of the detector (this is similar to
diffractive scattering of hadrons mediated by pomeron exchange). This striking feature
of the signal (two forward jets with a large dijet invariant mass) helps in substantially
reducing background in several search channels. The cross-section for VBF production
is available at NLO for both QCD and electroweak corrections, [71-81] and the difference
with respect to the LO calculations is only about 5 - 10% (as supposed to gluon fusion
where the NLO correction was ~ 100%). Further calculations at NNLO have brought

down the uncertainty on the cross-section down to 1 - 2% [82].
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Figure 1.6 Leading order Feynman diagram for weak boson fusion

Associated Production

The other electroweak mode involves the production of the Higgs boson in as-
sociation with a W or a Z boson through the s-channel as shown in Fig. 1.7(a). This
mode is also known as ‘Higgs-strahlung’ since one can think of the Higgs boson as being
radiated off of a weak boson. At the Tevatron, which is a p — p collider, this mode turns
out to be more dominant than VBF. The presence of the associated W or Z boson in
the event provides a very useful handle in suppressing large QCD backgrounds in several
search modes. The cross-section for this process has been evaluated to NNLO in QCD
corrections [83-89] by carrying over the results from the classic ‘Drell-Yan’ cross-section
(this is possible because both processes are essentially s-channel processes involving a
weak boson). For the ZH process, however, when computing the cross-section at NNLO
one needs to also take into account gluon induced diagrams with a top-quark loop [90,91]
as shown in Fig. 1.7(b). Electroweak corrections are also available for this process at

NLO [92,93).

Figure 1.7 Higgs boson production in association with a W or a Z boson.
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Associated Production With ¢t Pair

Lastly, we consider the production of the Higgs boson is association with a top-
quark pair as shown in Fig. 1.8. This process has the smallest cross-section compared
to all the other production modes that we have so far considered, which makes it a very
difficult process to search for. However, this mode is very useful in directly determining
the coupling of the Higgs boson with the top-quark. Cross-section for this process has
been computed at NLO in QCD corrections [94-101] and is known with an uncertainty
of around 10 - 15%.

Figure 1.8 Higgs boson production in association with a top-quark pair.

The cross-sections for all the four production modes discussed above are plotted
in Fig. 1.9 as a function of my at /s = 7 TeV for p — p collisions which reflects the
2011 running of the LHC. We clearly see that gluon fusion is the predominant mode for
Higgs boson production at the LHC. It is larger than at least an order of magnitude
when compared to other modes at low values of myg. The cross-sections decrease for
increasing values of my which is expected given the evolution of the parton - parton
luminosities as a function of § that we saw in Fig. 1.4. In the case of gluon fusion we
see a bump in the region my ~ 2m; which is expected given that it is twice the pole
mass of the top quarks in the gluon fusion loop. We also notice that the cross-section
for VBF decreases more slowly as compared to the other modes. This is because at high
values of my the longitudinal modes of the bosons become exceedingly dominant just as
in the case of WW scattering, and the coupling of the Higgs boson to the longitudinal
components of the weak bosons is proportional to its mass [102]. As a result the relative

contribution of the VBF process to the total cross-section increases with myj.
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Figure 1.9 Higgs boson production cross-section by channel at /s = 7 TeV [103,104].

Uncertainties On Production Cross-section

Before ending the discussion on the Higgs boson production let us briefly discuss
the evaluation of the uncertainty on the cross-section computations since it needs to
be incorporated into the analysis of all Higgs boson searches. The main source of
systematic uncertainty on the cross-section values can be attributed to the fact that
they are computed to a certain fixed order in perturbation theory. A remnant of this
truncation is the dependance of the cross-section on certain scales. In fact, eq. 1.20 can

be more accurately written as follows

doay(8) = fa(@a, ur) fi (T, k) doap(1ir, as(pr), 8) (1.28)

where pp is the QCD renormalization scale. It is introduced in the renormalization
procedure used to regularize the ultraviolet loop divergences and gets absorbed into the
running coupling constant c«s. Then there are also divergences on the infrared end. These
divergences are ‘factorized’ out or absorbed into the running parton density functions
which results in the appearance of the factorization scale pup. Both these scales are
artificial in the sense that the cross-section if computed exactly i.e. to all perturbative
orders in QCD should not depend on them. This implies that as we compute higher
and higher orders of radiative corrections the dependence of the cross-section on these
scales should diminish. Therefore, we can assess the uncertainty on the cross-section

at a fixed order by varying the scales in a reasonable range and then evaluating the
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change in the cross-section. Typically ur and pp are set to the scale of the physics
process under consideration. In the case of processes involving Higgs boson production
this amounts to setting ur = ur = my. Then in order to gauge the uncertainty on the
cross-section the value of pg, pur is then varied between miy/a and amy, with a = 2
being the customary choice.

Another important source of systematic uncertainty is the choice of the PDFs
themselves. As was mentioned earlier, the PDFs cannot be computed directly but
have to be obtained empirically. Several groups such as CTEQ [105], MSTW [106],
NNPDF [107], etc. extract PDFs from data of different experiments, using different
analysis frameworks. The variation in the cross-section from the choice of these different
PDFs can be considered as a measure of the uncertainty on the modeling of the PDFs
themselves. Then there are several other sub-dominant sources of uncertainty which
can be attributed to the choice of the top and bottom masses (pole mass v/s MS mass)
and use of large m; approximation at NNLO for gluon fusion implementation of the

electroweak radiative corrections, etc.

1.3.4 Higgs Boson Decays

The Higgs boson, which is expected to be heavier than 100 GeV, decays almost
instantaneously (~ 10722 seconds) to other particles and it is through the decay prod-
ucts that we can attempt to reconstruct the presence of the Higgs boson in collider
experiments. Fig. 1.10 shows the evolution of the branching ratios corresponding to the
Higgs boson decays to several particle pairs. Branching ratio is the probability of the
Higgs boson (or any other particle for that matter) to decay into a given set of particles.
Fig. 1.10 shows some interesting trends in the decay pattern of the Higgs boson with
increasing my. We can clearly identify a ‘low-mass’ region for my < 150 GeV where
the Higgs boson decays into a number of particle pairs with bb being by far the most
preferred decay mode. Beyond my ~ 150 GeV, however, the decays into weak bosons
dominate almost entirely. In the region between 150 - 180 GeV, where the W W pair
can be on mass-shell but the ZZ pair still hasn’t crossed that threshold, the decays
to WW are almost exclusive. But for my ~ 180 GeV about two-thirds of the Higgs

boson decays are into a WW pair while the remaining one-third decays go to ZZ. For
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my > 350 GeV, the direct decays of the Higgs boson to a top-quark pair also open up

but remain subdominant.
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Figure 1.10 Branching ratios for Higgs boson decays to several particle pairs as a function
of the my [103,104]. The figure on the right shows a zoom into the low mass region.

The decays that we see in Fig. 1.10 also define the possible search channels that
can be used to hunt for the Higgs boson. It is not feasible to search for all possible decays
of the Higgs boson. The search sensitivity depends not only on the amount of expected
signal events (which is given by the product of the cross-section and the branching
ratio) but also on the expected background which in the case of hadron colliders can be
overwhelming. Let us discuss the most sensitive channels that play an important role

in the Higgs boson searches.

H — bb Channel

As we see in Fig. 1.10, a low mass Higgs boson predominantly decays to a bb
pair. However, this channel suffers from an overwhelming background comprising of bb
pairs produced in QCD interactions. For this channel to be at all sensitive, this large
background has to be reduced by restricting the search to the associated production
mode where the Higgs boson can be tagged along with a W or a Z boson decaying to

leptons and/or neutrinos.
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H — 77— Channel

Branching ratios of the fermions are proportional to the square of their masses.
Since third generation fermions are the heaviest, they have higher branching ratios
compared to the fermions of the first two generations. As a result the H — 777~
channel plays an important role in the low mass region along with H — bb. The main
background for this channel consists of 7 pairs produced in the decay of the Z boson
in the Drell-Yan process. By exploiting the unique topology of the jets produced in the
VBF mode, or by tagging events with an additional W or a Z boson, the sensitivity of

this channel gets enhanced.

H — 7+ Channel

While the Higgs boson does not couple directly to photons, it can decay into a
pair photons by loop induced diagrams as shown in Fig. 1.11. This channel suffers from
a large background but it is possible to obtain the signal as a sharp peak on a smoothly
falling background if the photon momentum can be measured with a high resolution in
the detector. As in the case of the fermionic decays, the VBF and VH event topologies

are exploited to boost sensitivity.

Figure 1.11 Higgs boson decay to a pair of photons

H — W+W~— Channel

The three channels described above are exclusively low-mass channels as we can
infer from Fig. 1.10. The decays of the Higgs boson into a pair of weak bosons, however,
are relevant throughout the entire range of my going from 100 GeV to 1 TeV. The weak
bosons are not stable particles themselves and they further decay into fermions. In the

case of the H — WTW ™ channel, nearly half of the events end up in a fully hadronic
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final state. These are events in which the W bosons decay to quarks. Similarly, around
10% events decay into a fully leptonic final state. The remaining 40% events are semi-
leptonic in the sense that one of the two W bosons decays leptonically while the other
decays hadronically. It is hopeless to search for the fully hadronic decays since the QCD
background is overwhelming. Even the semi-leptonic decays are not very useful in the
low mass region since they are besieged with a large W+jets background. The truly
sensitive final state comprises of two leptons (that too either electron or muon) and
neutrinos [108]. The main backgrounds include the electroweak WW continuum and
fully leptonic tt decays.

In the high mass region, the semi-leptonic final state can be helpful in improving
sensitivity. We have seen that the production cross-section of the Higgs boson falls very
quickly with increasing my. Therefore at high values of my it becomes important to
catch as many signal events as possible. So, while the W+jets background still remains
quite large, the semi-leptonic decays of the Higgs boson provide about four times more

signal events and hence, can be useful in improving sensitivity.

H — ZZ Channel

In this channel as well, we need to focus on specfic decays of the Z bosons. As
with the H — WTW ™ channel fully hadronic decays of the ZZ pair are not useful at all.
Similarly, fully invisible decays where both the Z bosons decay to neutrinos are not very
sensitive. The key final state in this channel consists of both the Z bosons decaying either
to a pair or muons or to a pair of electrons. This final state has very little background
apart from the electroweak ZZ continuum. In fact, the signal-to-background ratio of
this channel is the highest amongst all the Higgs boson search modes.

The only limitation of this channel is that it is statistically parched. Only 0.5%
of the H — ZZ events decay to electrons and/or muons. Consequently, in the high mass
region it becomes necessary to add other final states to improve the search sensitivity. In
these high mass modes, one of the two Z bosons are required to decay to an electron or
muon pair to keep backgrounds under control. The second Z boson can then be allowed

to decay hadronically, or to a pair of neutrinos, or to pair of tau leptons.
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Other Higgs Decays

The channels considered above are the most sensitive modes for Higgs discovery.
However, there are several other decays that have not been commented upon. The
H — c¢ channel for instance, is faced with backgrounds that are similar to the H — bb
channel. However, the H — ¢¢ branching ratio is an order of magnitude smaller than
H — bb which diminishes its sensitivity greatly. The H — Z~ channel has a similar
branching ratio compared to H — ~. It also involves a loop induced decay of the
Higgs boson. But for this channel to be sensitive, only the Z decays to electrons and
muons have to be considered or else the QCD background becomes overwhelming. This
reduces the overall branching ratio further by a factor of 0.06 making the channel much
less sensitive than H — 4. Then we can also consider the H — pu ™ signal which sits
on the tail of the Z — p*pu~ background. Owing to the small mass of the muon, the
branching ratio of this decay mode is more than an order of magnitude smaller than
H — 7. Essentially, all of these channels need a lot more data to come into play when

compared to the dominant modes that have been discussed above.

1.3.5 Decay Width and Line Shape

The Higgs boson being an unstable particle is typically characterized by its
mass(m) and width(I"). From an experimental perspective a narrow resonance (I' << m)

is characterized by the relativistic Breit-Wigner function which is written as follows

k

T =
fBW(m7 ) (pg _ mg)g + mQFQ

(1.29)

where k is some constant and p is the 4-momentum of the particle. To understand
the origin of this function we must remember that these unstable particles typically
enter as mediators between the initial state partons and final state decay particles.
Such mediators are characterized by their propagators in the probability amplitudes.
The propagator of a scalar particle in the momentum space according to the Feynman

prescription is

Ag=— (1.30)
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The cross-section depends on the modulus squared of the amplitude and so the
cross-section picks up a term of the form m which looks similar to the Breit-
Wigner function in eq. 1.29 except for the fact that the € term is not a physical parameter
but an infinitesimal shift that is introduced in the Feynman prescription to deal with the
pole that appears in the propagator at p> = m?. However, this propagator corresponds
to a free stable particle and so it can be physically interpreted to mean that the particle
has mass m and an infinitesimal width. In the case of unstable interacting particles

such an imaginary term appears naturally in the propagator through the self-energy

term II(p?) which is a complex valued function. The propagator now takes the form

1

Ag =
p* —mi +T(p?)

(1.31)

where my is the bare mass of the particle, A mass term x can now be defined as p? =
m2 4+ Re(Il(p?)) and similarly a width term can be defined as py = —Im(II(p?)). In the
case of a narrow resonance which peaks at m, we can make an approximation by replacing
the TI(p?) term in the propagator with II(m?) to make it independent of p?>. With this
approximation we end up with eq. 1.29 with a pole mass m and width I" = —%H(mz).
Such an approximation works well for the W and Z bosons whose full width is just a
few percent of their mass. In the case of the Higgs boson, the evolution of the width
as a function of my is shown in Fig. 1.12. We see that for my < 400 GeV the width is
much smaller than the Higgs boson mass. However, as we approach 1 TeV, the width
becomes comparable to myp. What this means is that the Breit Wigner approximation
breaks down for a heavy Higgs boson. In order to correctly model the line shape of such
a heavy Higgs boson, one needs to switch from the pole mass m and width I" to p and ~
which in turn depend on the computation of the self-energy term II(p?). This procedure
of using the complex mass p? — iy in deriving the line shape is known as the ‘Complex

Pole Scheme’ (CPS) [109-111].
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Figure 1.12 Full decay width of the Higgs boson as a function of the my [103,104].



Chapter 2

The LHC and the CMS

Experiment

2.1 The Large Hadron Collider

Talks about a future multi-TeV hadron collider to replace the LEP machine had
started in the 1980s even as LEP was being constructed. The ECFA-CERN workshop
organized at Lausanne in 1984 resulted in the first definitive report on the prospects of
such a collider [112]. As stated in the report, ‘the installation of a hadron collider in
the LEP tunnel, using superconducting magnets, [had] always been foreseen by ECFA
and CERN as the long term extension of the CERN facilities beyond LEP. Indeed such
considerations were kept in mind when the radius and size of the LEP tunnel were
decided’. In the year 1994, the CERN council approved the proposal to construct a new
hadron collider inside the LEP tunnel on the Swiss-Franco border close to Geneva [113].
This tunnel, which is 26.7 km in circumference, lies at a depth of 45 m to 170 m below
the earth’s surface and consists of eight straight sections and eight arcs along with
two transfer tunnels, 2.5 km in length each, which connect the tunnel to the CERN
accelerator complex. While the initial plan was to commission the collider in two phases,
starting at a center of mass energy of 10 teraelectronvolts (TeV) with a later upgrade
to 14 TeV, by December 1996 the CERN council approved the construction of a 14 TeV
machine in a single stage. It was decided to construct four experimental detectors on the

LHC complex. Two of these experiments, namely ATLAS and CMS, were designed to be

36
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general purpose experiments capable of probing a wide gamut of physics questions while
the remaining two experiments, namely LHCb and ALICE were designed for specific
studies on b quarks and heavy ion collisions respectively. While ALICE and LHCb
detectors were built in pre-existing structures from LEP times at Point 2 and Point 8
respectively, new surface and underground caverns were constructed for the ATLAS and

CMS experiments at Point 1 and Point 5 respectively. A graphic of the LHC complex

can be seen in Fig. 2.1.

Figure 2.1 The LHC Complex

As we saw at the end of Sec. 1.3.1, a multi-TeV hadron collider can be viewed
mainly as a gluon collider and in this respect proton-antiproton collisions are no differ-
ent than proton-proton collisions. But in terms of machine design the aim of reaching
a peak luminosity of 103* cm™2s~! meant that the proton-antiproton configuration was
ruled out and a proton-proton collider machine was planned instead. In terms of the
accelerator design, this eliminated the possibility of the particle-antiparticle collider
configuration of having a common vacuum and magnet system for both the circulating
beams as in the case of the Tevatron accelerator, but rather necessitated two sepa-
rate rings with opposite magnetic dipole fields. However, the space limitations of the

pre-existing LEP tunnel whose arcs have an internal diameter of just 3.7 m, made it

extremely difficult to accommodate two separate proton rings. Hence, a twin-bore mag-
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net design, also known as the “two-in-one” superconducting magnet design originally
proposed by John Blewett at the Brookhaven Laboratory in 1971 was adopted. The
basic idea in this design, as illustrated in Fig. 2.2 is to include the two sets of magnet
coils and beam channels within the same mechanical structure with a common vacuum

cryostat to save space.
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Figure 2.2 Cross-section of a cryodipole [113]

The peak beam energy that an accelerator of a given radius can reach depends
on the strength of the field that its dipole magnets are capable of producing. To reach
the design center of mass energy of 14 TeV, the LHC needs to accelerate each of the
two proton beams up to 7 TeV which in turn necessitates a peak dipole field of 8.33
Tesla. In order to attain such a high magnetic field, the superconducting magnet coils
have been constructed using the time tested NbT1i technology (also used in several other
accelerators such as Tevatron, HERA and RHIC) but the magnets are cooled down
to 2 Kelvin as opposed to the typical temperatures of around 4-5 Kelvin in earlier

experiments.
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Apart from the beam energy, the other key deliverable of a particle collider
is luminosity since the number of events of any physics process observed in particle
collisions is directly proportional to it. The machine luminosity depends entirely on the

beam parameters as given by the following relation

I — N[?nbfrev%"F

dme, B (2.1)

where NV, is the number of particles per bunch, n; is the number of bunches per beam,
frev 1s the revolution frequency, ~, is the relativistic gamma factor, &, is the normalized
transverse beam emittance, §* is the beta function at the collision point, and F' is the
geometric luminosity reduction factor due to the crossing angle at the interaction point.

2

The design luminosity of the LHC, as mentioned earlier, is 10?4 cm™2s~! and nominally

the machine can circulate 2808 bunches with a 25 ns spacing.

2.1.1 Overview of LHC Run 1

While the LHC was poised to start its proton-proton collisions at a center of mass
energy of 14 TeV, an accident which occured on 19 September 2008 forced a revision of
plans. During powering tests of the main dipole circuit, a faulty electrical bus connecting
two magnets caused an electrical arc resulting in mechanical damage and release of six
tonnes of helium from the magnet cold mass. The ensuing repairs forced a delay of
around one year and it was decided to reduce the beam energy from the design value of
7 TeV to 3.5 TeV to ensure operational safety.

The physics impact of this downgrading of center of mass energy was quite
significant. Fig. 2.3 shows the ratio of gluon - gluon and quark - antiquark luminosities
between 7 and 14 TeV center of mass energies [106]. We see that the gluon - gluon
luminosity for producing a 100 GeV particle decreases by a factor of 3 and this reduction
factor further increases for heavier particles. Also the decrease in quark - antiquark
luminosity is milder compared to the gluon - gluon luminosity reduction. If we take the
case of the Higgs boson search, while the signal production cross-section is driven by
the gluon - gluon luminosity, key backgrounds in several search channels are produced
through quark - antiquark interactions. This means that as the center of mass energy

decreases from 14 to 7 TeV both the signal yield and the signal-to-background ratio are
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reduced leading to an adverse impact on the search sensitivity.
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Figure 2.3 Ratio of gluon - gluon and quark - antiquark luminosities between 7 and 14
TeV center of mass energies.

The first proton-proton collisions happened in November 2009 at a center of
mass energy of 900 GeV. By the end of that year, the center of mass energy was ramped
up to 2.36 TeV thus making LHC the highest energy particle accelerator of all time.
In 2010, the center of mass energy was further increased to 7 TeV thus marking the
beginning of ‘Run 1’ of the LHC physics program which continued till December 2012.
The beam energy was fixed at 3.5 TeV during 2010 and 2011, and was then increased
to 4 TeV during 2012. In the meanwhile, the luminosity was gradually ramped up as
the understanding of the machine improved. This was achieved by increasing the bunch
intensity i.e. the number of protons per bunch from 1.2 x 10" in 2010 to 1.7 x 10! in
2012, and reducing the 8* (which is proportional to the square of the transverse beam
size) from 3.5 m to 0.6 m. Moreover, the maximum number of bunches circulated per
beam were increased from 368 in 2010, with a bunch spacing of 150 ns, to 1380 with
a bunch spacing of 50 ns in 2011 and 2012. All of these factors led to an increase in
peak luminosity from 2.1 x 1032 cm=2s~! in 2010, through 3.7 x 1033 cm~2s~! in 2011,
to 7.7 x 10?3 cm~™2s7! 2012. Consequently, the LHC was able to deliver 40 pb~! of
proton-proton collision data in 2010, 5.6 fb~! in 2011, and 23.3 fb~! in 2012.

While the LHC performed remarkably well to eventually deliver nearly 80% of the

design luminosity at only half the nominal rate of collisions of 40 MHz, the progressive
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squeezing of the beam, and the increase in bunch intensity led to an increase in the
number of simultaneous proton-proton interactions per bunch crossing, from an average
of around 4 interactions towards the end of 2010 to about 37 interactions at the end
of 2012. Tab. 2.1, which was reported in [114], summarizes the LHC performance from
2010-2012.

Table 2.1 Overview of performance-related parameters during LHC operations in 2010-
2012.

Parameter 2010 2011 2012 Design Value
Beam Energy (TeV) 3.5 3.5 4 7

B* (m) 2.0/3.5 1.5/1.0 0.6 0.55
Bunch spacing (ns) 150 50 50 25

np 368 1380 1380 2808

N, (protons per bunch) 1.2 x 101 | 1.45 x 101t | 1.7 x 1011 | 1.15 x 101!
€n (mm-mrad) ~ 2.0 ~ 24 ~ 2.5 3.75
Peak luminosity (cm~2s71) 2.1x 1032 | 3.7x10% | 7.7 x 1033 1x 103
Max. mean no. of p-p interactions 4 17 37 19
Stored beam Energy (MJ) ~ 28 ~ 110 ~ 140 362

2.2 The CMS Detector

The Compact Muon Solenoid (CMS) detector [115-117] has been designed and
built to be capable of exploring physics processes at the TeV scale. CMS is one of two
general purpose experiments at the LHC, the other being ATLAS which stands for A
Toroidal LHC ApparatuS. While the CMS detector is generic in capability, its design
considerations have been based upon certain benchmark searches that will be most ac-
tively pursued at the LHC. These include searches for the Higgs boson, supersymmetry,
heavy vector bosons, etc. The Higgs boson searches are of particular relevance, not only
for the the critical answers they are expected to provide with regards to the breaking
of the eletroweak symmetry, but also for the demands that the wide variety of search
modes impose on the detector performance. If we go back to our discussion in sec-
tion 1.3.4 we see that in order to be able to reconstruct the presence of the Higgs boson
in a collision event, the detector must be able to distinctly identfy all the three kinds of
charged leptons (electrons, muons and taus), neutrinos, photons and jets emerging from
bottom quarks. In addition it is important to be able to detect the presence of jets in

a large pseudorapidity range to be able to tag events from vector boson fusion. Apart
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from identifying particles, it is crucial that their momenta and charge-sign (in the case
of electrons, muons and taus) be measured with as much precision as possible. We will
see how the design of the CMS detector meets these requirements in the remainder of

this section.

2.2.1 Overall design

The CMS detector can be thought of as an assembly of several concentric cylin-
drical components or subdetectors that measure the energy or momentum of a certain
class of particles. The innermost component of the detector is the tracker whose purpose
is to measure the momentum of charged particles along with the sign of their charge.
This is achieved by immersing the tracker in a powerful solenoidal magnetic field so that
the charged particles emerging from the p — p collisions get bent in the transverse plane.
It is this bend in the trajectory that is used to determine their momentum and charge-
sign. The tracker is surrounded by the calorimetry which is designed to absorb and thus
measure the energy of all particles except for muons and neutrinos. The calorimetry
actually consists of two kinds of calorimeters. On the inside lies the electromagnetic
calorimeter in which the electrons and photons lose their entire energy. This is sur-
rounded by the hadronic calorimeter which forces the hadronic particles such as pions
to dump their energy. By making the calorimetry granular it is possible to localize the
particle shower thereby enabling not just the measurement of particle energy but also
its direction. This is essential for measuring the momentum of neutral particles such
as photons. The calorimetry is surrounded by the muon spectrometer. As was just
mentioned, it is only muons and neutrinos that make it past the calorimeters. While
neutrinos almost never interact with the detector, the muons being charged particles
leave tracks in the muon chambers. This helps to identify muons and also provides an
additional measurement of their momentum. A sketch of the CMS detector is shown in
Fig. 2.4.

The performance goals of the subdetectors are as follows. The tracker must be
able to measure charged particle momenta ranging from about 100 MeV to 1 TeV. The
tracker should provide the ability to efficiently tag jets originating from bottom quarks,

which in turn requires identification of secondary vertices and measurement of impact
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Figure 2.4 A sketch of the CMS detector [116]

parameters of charged particle tracks with a precision of ~ 100 microns. The tracker in
conjunction with the muon subdetector should be able to able to provide a dimuon mass
resolution of around 1% at 100 GeV (a scale relevant for the Z boson and a low mass
Higgs boson). The electromagnetic calorimeter should be able to measure electron and
photon momenta at a resolution scale that is comparable to the muons, and it should
provide the ability to discriminate the photons from the large background of 7%’s that
are ubiquitously produced in QCD processes. The hadron calorimeter must enable the
measurement of jet momentum with optimal resolution and must provide sufficiently
large coverage (|n| < 5) to effectively measure a momentum imbalance in the transverse

plane which, as we will see, provides a limited measurement of the neutrino momentum.

2.2.2 The Magnet

The CMS magnet is a solenoid of 5.9 m radius and 12.9 m length that houses the
tracker and also the bulk of the calorimetry. The defining design choice of CMS was to
use a single magnet for both the tracker as well as the muon system. In this configuration

the return field of the solenoid magnetically saturates the iron yoke of the muon system
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thereby providing the necessary bending power to measurement muon momentum. In
order to achieve the design goal of measuring 1 TeV muons with ~10% resolution with
such a configuration, a strong magnetic field is required. This is achieved by pumping
19.5 kA of current through 2168 turns of the solenoid resulting in a magnetic field that

is 3.8 Tesla strong.

2.2.3 The Tracker

The performance goals of CMS have imposed demanding requirements on the
tracking system. The CMS tracker needs to be able to measure track momenta up to
1 TeV to be sensitive to high mass dilepton decays. On the lower end, tracks with
~ 100 MeV momenta are expected to be reconstructed and measured to optimize the
resolution of jets. In order to effectively reconstruct tau leptons, the tracking system
must be able to resolve close-by tracks that are characteristic of hadronic tau-decays.
Furthermore, the tracker must provide high spatial resolution to reconstruct the primary
and secondary vertices, and measure the impact parameter of tracks with the precision
necessary to achieve the desired b-jet tagging performance. In order to meet these
goals the CMS tracker has been built as an entirely silicon based subdetector. It is
essentially cylindrical is shape with a diameter of 2.5 m and a length of 5.8 m, and it
provides fiducial reach up to |n| < 2.5. The tracker comprises of two major subsystems.
The pixel detector sits at the very heart of CMS surrounding the interaction point.
It provides the requisite spatial resolution for vertex reconstruction and b-jet tagging.
The pixel detector is surrounded by the strip tracker which provides several additional
measurement points or ‘hits’ along the particle trajectory and the necessary lever arm
to effectively measure particle momenta up to 1 TeV. The layout of the silicon tracker

is shown in Fig. 2.5.

The Pixel Tracker

The pixel detector consists of silicon modules with pixelated sensors of dimen-
sions 100 x 150 pum?. There are 768 pixel modules arranged in a 53 cm long barrel that
consists of three concentric layers with mean radii of 4.4 cm, 7.3 ¢cm and 10.7 cm from

the center of the detector. There are two layers of endcap disks enclosing the barrel
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Figure 2.5 Layout of the silicon tracker [117]

on each side that are located at a longitudinal distance of 34.5 and 46.5 cm from the
center of CMS. These endcap disks consist of 672 modules arranged in a turbine-like
geometry that extend from a radius of 6 to 15 cm. Overall, there are about 66 million
pixels covering a total area of about 1m?. Despite being closest to the interaction point
and hence being subject to the highest particle flux, the pixel detector has an average

occupancy of only about 10~% per pixel per LHC bunch crossing.

The Strip Tracker

The pixel detector is surrounded by the strip tracker which extends from an
inner radius of 20 cm up to about 110 cm. The strip tracker can itself be divided into
two parts. The inner part extends radially from 20 cm up to 55 cm and consists of
silicon modules with strip cells of dimensions 10cm x (80 to 120) gum. The inner barrel
(TIB) is 130 cm long and consists of four layers with the two innermost layers being
‘stereo’ i.e. comprising of two layers of strip sensors placed at an angle of 100 mrad with
respect to one another. This stereo geometry improves the longitudinal resolution to
about 230 pm. The TIB is enclosed on both sides by three layers of inner disks (TID).
Each disk is in turn made up of three rings, the inner two of which are stereo. The inner
TIB and TID are surrounded by a six-layer, 220 cm long outer barrel (TOB). Since the
particle flux drops sufficiently in the outer region of the tracker, the strip dimensions

are increased to 25cm x (120 to 180) pm. As in the case of the inner barrel, the first two
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layers of TOB are stereo and provide a longitudinal resolution of 530 ym. The TOB is
enclosed by nine layers of endcaps on either side (TEC), extending longitudinally from
120 c¢m to 280 c¢cm with respect to the center of CMS. The first two and fifth rings of
the endcaps are stereo. The strip tracker on the whole covers an area of 200 m? and has
9.6 million strips. The average occupancy, though higher than the pixels, is still at the

level of a few percent per strip per LHC bunch crossing.

Tracker Material

A challenge in the design of the tracking system is to control the amount of
material in the path of particles as they traverse through the tracker. Apart from the
active elements, the tracker modules need to have a lot of front-end electronics and need
to be supplied with considerable amount of power. The power carrying copper wires as
well as the detector modules generate considerable amount of heat which needs to be
removed to ensure optimal running conditions. This necessitates additional material to
be introduced into the tracker volume to provide the requisite cooling. The material
budget of the tracker is defined as the amount of matter that a particle needs to tra-
verse through while passing through the tracker volume. It is measured in units of the
radiation length or the nuclear interaction length. The radiation length is the average
amount of distance that an electron traverses through a material before its energy is
reduced by a factor 1/e due to bremsstrahlung. In the case of photons, radiation length
is (7/9) times the mean free path of a photon through a material before it converts to
an ete” pair. The nuclear interaction length on the other hand gives the mean free
path of a hadron before it undergoes an inelastic nuclear interaction. Fig. 2.6 shows the
material budget distribution of the tracker as a function of pseudorapidity.

In order to understand the impact of the tracker material on physics performance
let us consider the case of electrons. Fig. 2.7(a) shows several categories of electrons
depending on their interaction with the tracker. The light green distribution shows the
fraction of ‘golden’ electrons which are characterized by low bremsstrahlung radiation.
Similarly, the purple distribution shows the fraction of ‘showering’ electrons which are
characterized by bremsstrahlung emission all along their trajectory inside the tracker.

We can see that the proportion of golden and showering electrons changes in accordance
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Figure 2.6 Material budget of the tracker expressed as a function of pseudorapidity (n)
in units of radiation length(left) and nuclear interaction length(right) [118].

with the increasing material budget as we move away from the central region of the
tracker. Moreover, Fig. 2.7(b) shows the ratio of the measured energy of the electrons
to their actual energy. We clearly see that the energy measurement of the showering
electrons is considerably degraded with respect to the golden electrons, thus illustrating

the adverse impact of the material budget on physics performance.

2.2.4 The Electromagnetic Calorimeter

The CMS electromagnetic calorimeter (ECAL), which surrounds the silicon
tracker, is a granular and homogeneous calorimeter made up of lead tungstate crys-
tals and is housed entirely within the solenoid of the magnet. The material of choice for
the ECAL, lead tungstate, has a short radiation length of 0.89 cm and a small Moliere
radius of 2.2 cm. While the short raditiation length helps in containing the shower
of electrons and photons longitudinally, thereby enabling the ECAL to be compact, a
small Moliere radius helps in containing the lateral spread of the shower allowing the
calorimeter to be granular. Moreover, the ECAL is radiation hard and fast enough to
handle the high rate of LHC bunch crossings. The main challenge, however, is that the
light yield of about 30 photons per MeV is relatively low. This has necessitated the use
of avalanche photodiodes in the barrel region and vacuum phototriodes in the endcaps.
These photodetectors provide the necessary signal amplification and can also operate in
the strong 3.8 T magnetic field of CMS.

The layout of the ECAL is shown in Fig. 2.8. The ECAL consists of a central
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Figure 2.7 Fig.(a) shows the proportion of the different categories of electrons as a
function of pseudorapidity. The golden electrons radiate very little energy while moving
through the tracker, the showering electrons typically radiate energy all along their
trajectory in the tracker, while the big brem electrons tend to lose a lot of energy in
a single interaction. The sharp fissures in the plot are indicative of the cracks in the
electromagnetic calorimeter. Fig.(b) shows the ratio of the measured of electrons in the
different categories to their actual energy. [119]

barrel (EB) that has an inner radius of 129 cm and extends up to |n| < 1.479. The EB
consists of 61200 leab tungstate crystals each with lateral dimensions of 0.0174 x 0.0174
in n — ¢ and a length of about 230 mm which corresponds to 25.8 radiation lengths.
The crystals in EB are arranged in 36 supermodules, 18 on either side of n = 0, such
that each supermodule covers 20 degrees in ¢.

The ECAL endcaps (EE) are mounted at a longitudinal distance of 314 cm from
the center of CMS and cover a pseudorapidity range of 1.479 < |n| < 2.5. Each endcap
consists of two D-shaped units in which lead tungstate crystals are arranged in 5 x 5
units called supercystals. The endcap crystals have an x — y geometry with a cross-
section of 28 x 28 mm? and a length of 220 mm which corresponds to 24.7 radiation
lengths.

There is a preshower placed in front the EE which consists of two active layers
of silicon placed at depths of 2,3 radiation lengths between lead absorber material. The

preshower is intended to help improve discrimination between photons and 7% in the
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forward region of the ECAL which is less granular compared to the barrel. Also, a lon-
gitudinal sampling of the photon trajectory in the preshower helps in the determination
of their point of origin which in turn contributes to improving the mass resolution of

diphoton decays such as H — ~~.
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Figure 2.8 Layout of the electromagnetic calorimeter [115]

2.2.5 The Hadronic Calorimeter

The design choice of CMS to include the calorimetry within the magnet coil has
critical implications on the hadronic calorimeter (HCAL). The HCAL, which surrounds
the ECAL, is required to contain the hadronic energy emerging from p — p collisions
within the volume of the solenoid. This has necessitated the maximization of the ab-
sorber material with respect to the active sampling material that makes up the HCAL.
Brass has been the material of choice as an absorber since it has a short nuclear interac-
tion length and is also non-magnetic. The absorber material is interleaved with plastic
scintillator tiles that are used to sample the energy of the hadronic shower. This sam-
pled energy is readout through wavelength shifting fibres that connect to multi-channel
hybrid photodiodes.

The layout of the HCAL is shown in Fig. 2.9. The central barrel region of
the HCAL (HB) extends up to || < 1.4 and consists of 2304 towers that provide a
granularity of 0.087 x 0.087 in 77— ¢. The hadron endcaps (HE) provide a pseudorapidity

coverge of 1.3 < |n| < 3.0. Each endcap consists towers with a variable ¢-segmentation
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ranging from 5 to 10 degrees and n-segmentation ranging from 0.087 to 0.35. In order to
catch the tails of the hadronic shower which may leak through beyond the magnet coil, an
outer hadron detector (HO) has been constructed in the pseudorapidity range |n| < 1.26.
This tail-catcher effectively increases the HCAL material to over 10 interaction lengths
thereby improving the jet momentum resolution. Finally, the coverage of the HCAL is
extended upto || = 5.0 with the help of the hadron forward calorimiter (HF) which is
a steel/quartz fibre sampling calorimeter located at a longitudinal distance of 11.2 m

from the center of CMS.

O N e e

Figure 2.9 Layout of the hadronic calorimeter calorimeter [115]

2.2.6 The Muon System

The muon system is the outermost and, in terms of size, the largest subsystem
of CMS. It consists of the iron yoke which when saturated by the 3.8T magnetic field
provides the requisite bending power to measure muon momentum. The muon measure-
ment itself takes place in three different types of detectors - the drift tubes (DTs) which
are used in the barrel region, the cathode strip chambers (CSCs) which are located in
the muon endcaps, and the resistive plate chambers (RPCs) which are used both in the
barrel as well as the endcaps. The layout of the muon system is shown in Fig. 2.10.

The barrel of the muon system extends up to |n| < 1.2 and consists of 250 DT
chambers organized into four concentric layers within the iron yoke at radii of 4.0, 4.9,
5.9 and 7.0 m from the beam axis. Longitudinally, the barrel is divided into five wheels

each of which has 12 sectors covering an azimuthal angle of 30 degrees. Of the four
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Figure 2.10 Layout of the muon system [115]

concentric layers, the two innermost layers have DTs sandwiched between two RPCs,
while the two outermost layers have a single RPC placed on the inner side of the DTs.
These chambers in the four layers are staggered in such a way as to ensure that a muon
passes through at least three of them even at the sector boundaries. Each DT chamber
provides two r — ¢ and one z measurement, and is able to pin-point the muon position
to within 100 microns in ¢ and in direction to within 1 mrad.

The endcaps extend the muon coverage to || < 2.4. Each endcap consists of
four stations that are located at an increasing distance from the collision point. Each
endcap station consists of a circular arrangement of the trapezoid shaped CSCs in two
rings (except for the innermost station which has three rings). The CSCs in the outer
ring which extend up to |n| < 1.6 are also complemented with RPCs. Each trapezoidal
CSC has six gas-gaps or six distinct layers each consisting of cathode strips in the radial
direction and anode wires along the azimuthal direction, thus providing six distinct
position measurements. Each CSC chamber provides a spatial resolution of 200 microns

and is able to measure the muon direction to within 1 mrad.
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2.2.7 Trigger and Data Acquisition System

The p — p collisions at the LHC are designed to occur at a frequency of 40 MHz.
However, it is impossible to readout the detector at such a high rate or to store the
readout information for every collision event (each event produces ~ 1 MB of raw data,
so storing every collision event would generate 40 TB of data per second!). To make
data acquisition manageable, the event rate needs to be reduced to around ~100 Hz
which means reduction by a factor of around 10%. Moreover, this reduction in event rate
must not affect the physics interests of the experiment i.e. the CMS detector should
be able to store all interesting event signatures that could indicate the presence of the
Higgs boson, supersymmetry, or any new physics. This task is achieved by a dedicated

two-tier trigger system.

The Level-1 Trigger

The first of these two tiers is known as the Level-1 or L1 trigger. The L1 trigger
is expected to bring down the event rate to about 100 kHz. They key challenge is to
make quick decisions about whether an event is interesting enough to be retained for
further analysis or it can be thrown away. The L1 system uses dedicated, fast and
largely programable hardware to make these decisions in about 3.2 us. A part of this
time is spent in moving data from the detector to the service cavern which houses a
part of the L1 electronics, and also communicating the decision back to the detector.
The data fragments or trigger primitives that are used for the L1 decision come from
either the muon system or the calorimetry. An event may be retained if it contains,
for instance, a high pr muon track stub, or an electromagnetic energy deposit above a
certain threshold, or an indication of a global transverse momentum imbalance. It is
also possible to correlate the primitives, e.g. require a muon and an electromagnetic
cluster and so on. During the latency period of L1 processing, the data from all the

subdetectors is pipelined so that it can be readout in the case of a positive decision.

Detector Readout: Strip Tracker Example

On the receipt of a L1 trigger accept decision, the entire detector is readout in a

two-step process. Every subdetector has a readout system which buffers data and sends
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it to the front-end drivers (FEDs) that are housed in the service cavern. The data from
the FEDs is then read into the central data acquisition (DAQ) system which collates
the information from all subdetectors and sends it further downstream for processing.
The readout system of every subdetector is unique to it. Here, the example of the strip
tracker is presented.

The basic readout unit of the strip tracker is a custom-made integrated circuit
called APV25. An APV25 chip amplifies and shapes the signals from 128 strip sensors
and buffers them in a 192 element deep pipeline sampled at 40 MHz to allow for the 4 us
latency of the L1 trigger. Every strip tracker module has either 4 or 6 APV25 readout
chips depending on its geometry. The APV25 chips are read out through optical links
which carry the data from the detector up to the service cavern. Each optical fibre
carries multiplexed data from two APV25 chips, which corresponds to 256 channels.
The fibres are grouped in 96-way ribbon cables and every such group feeds into a FED
module which then digitizes the signal and applies pedestal corrections, common-mode
noise subtraction and zero suppression. The data from the strip tracker, sitting in 440

FEDs is now ready to be transferred to the central DAQ system.

The Data Acquisition System

The DAQ system is charged with the duty of integrating the event data from
the FEDs and transmit it to the Event Filter complex for processing. The FEDs from
various subdetectors have a common interface to the DAQ system provided by the
SLink64 card. Upto two SLink64 inputs (and hence two FEDs) can be merged by the
Front-end Readout Link (FRL) which then transmits the data to the Event Builder.
The Event Builder system consists of the FED builder which assembles the information
from ~512 FRLs into 72 super-fragments, each with a size of about 16 kBytes. These
super-fragments are buffered in Readout Units (RU) and then assigned to 8 RU-builder
units for further intergration. Each RU-builder belongs to one DAQ ‘slice’ which is a
nearly autonomous system in itself and can handle event rates up to 12.5 kHz. The
entire event is then transferred to the Event Filter.

A crucial component of this DAQ chain is the Trigger Throttling System (TTS).

Delays in downstream processing, or fluctuations in event rates may lead to a backpres-



54

sure on the FEDs. This may cause an overflow of their buffers and hence, loss of data.
The TTS provides a fast feedback from the FEDs to throttle the global trigger so as to

prevent the FEDs from overflowing.

The High Level Trigger

The Event Filter needs to reduce the L1 event rate by almost three orders of
magnitude to bring it at the level of ~300 Hz. This is achieved by filtering the incoming
events through the High Level Trigger (HLT) system. The HLT has access to the
fully granular data from the detector (as opposed to the coarse primitives that are
provided to the L1 system) and it can employ sophisticated algorithms for event rate
reduction. Events can be partially /regionally reconstructed to assess possibly interesting
signatures. The HLT system is entirely software based and is run on a farm of around
thousand commercial processors. Being software driven, the HLT is completely flexible
and adaptable to the needs of the experiment. Once an event is selected by the HLT, it

is transferred to the CERN data center for storage and becomes available for analysis.

Trigger Performance During Run I

The CMS trigger system was subjected to considerable stress during the first run
of the LHC. As we saw in Tab. 2.1 LHC was able to deliver a peak luminosity of 3.7 x 1033
cm~2 s71 in 2011. This was ramped up to 7.7 x 10?3 cm ™2 s~! towards the end of 2012,
thus attaining almost 80% of the design specification of 103* cm~2 s~1. At the same time
the average number of proton-proton interactions in a bunch crossing were almost twice
the design specification. This meant that the trigger system had to deal with a high
amount of detector activity for a given event. In terms of the overall bandwidth, the
most demanding trigger paths were those involving leptons. Given the nature of the final
states in several crucial physics analyses (Higgs boson searches, supersymmetry searches,
standard model measurements, etc.) the trigger system was required to support single
and two-leg trigger paths for muons, electrons and photons with reasonably low pp
thresholds. Tab. 2.2 [120] shows the snapshot of the most important L1 trigger paths
that were used when the LHC was delivering a peak luminosity of 6.6 x 1033 cm=2 s7!

in mid-2012. At the HLT level, the trigger rate was kept under control by progressively
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tightening the selection on the lepton candidates with the increase in luminosity. The
basic idea was to keep the trigger rate in check while requiring the pr thresholds on the
leptons to be low. This ensured that the phase space of the signal was not encroached
upon. Tab. 2.3 [121] shows a snapshot of the prominent HLT paths for the 6.6 x 1033

2 —1

cm™“ s~ running conditions.

Table 2.2 Most important L1 trigger paths for the 6.6 x 103 cm™2 s™! instantaneous

luminosity scenario.

Trigger Threshold (GeV) | Rate (kHz)
Single electron/photon 20 13
Double electron/photon 13,7 8
Single muon 14 (|n| < 2.1) 7
Double muon 10, 0 6
Electron/photon and muon 12, 3.5 3
Muon and electron/photon 12,7 1.5
Single jet 128 1.5
Four jets 36 3.5
Hadronic transverse energy sum (Hr) 150 5
Transverse momentum imbalance (ES) 36 8

Table 2.3 Most important HLT paths for the 6.6 x 1023 cm™2 s~! instantaneous lumi-

nosity scenario.

Trigger Threshold (GeV) Rate (Hz)
Single electron 80 8
Single isolated electron 27 59
Single photon 150 )
Double electron 17,8 8
Double photon 36,22 7
Single muon 40 21
Single isolated muon 24 43
Double muon 17,8 20
Muon and electron cross-triggers (17,8), (5,5,8), (8,8,8) 3
Single jet 320 9
Four jets 80 8
Six jets (6 x 45), (4 x 60,2 x 20) 3
Hadronic transverse energy sum (Hr) 750 6
Transverse momentum imbalance () 120 4

2.3 Event Reconstruction

Events that pass the trigger selections have their data shipped to the offline

storage system where it becomes available for a full-blown reconstruction. Event re-
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construction is essentially the process of translating the detector data into physically
relevant objects such as electrons, muons, jets, etc. and measuring their properties such
as momentum and charge. The reconstruction of certain physics objects like electrons
or muons requires combination of inputs from several subdetectors. These objects may
themselves then feed into the reconstruction of more complicated physics entities like

jets. This section provides a quick overview of this process.

2.3.1 Track Reconstruction

Charged particles are measured by the tracks that they leave in the silicon
tracker. The reconstruction of particle trajectories in the tracker, which is called track-
ing, is the most computationally intensive process in the entire reconstruction chain.
Tracking is essentially the mechanism of joining the dots or hits that charged particles
leave behind in the various layers of the tracker. What complicates matters is that a col-
lision event may produce a large number of charged particles resulting in ~ 1000 tracker
hits. If we divide them over 10 tracker layers we end up with about 100 hits per layer.
If we naively consider all possible hit combinations we end up with a huge combinatoric
factor of 100'°. This is a clear indication that track reconstruction demands a rather
sophisticated treatment.

The track reconstruction sequence in CMS [118] is iterative in nature i.e. the
algorithm starts with tracks that are easiest to reconstruct (typically prompt, high pp
tracks), then removes the hits belonging to these tracks to reduce the combinatorics
and runs again to find tracks that were missed earlier. Six such iterations have been
implemented in the tracking sequence.

In every iteration, the process of building tracks begins with ‘seeds’ or track-
stubs that can be extended to form complete tracks. A charged particle moving in a
solenoidal magnetic field follows a helical trajectory. To determine this helix completely,
five parameters are required. These are the transverse momentum of the particle (pr),
its orientation in the transverse plane (¢), the transverse and longitudinal impact pa-
rameters (do and d,), and cot(#) where 6 is the polar angle that the momentum vector
makes with the z-axis. The seeds must provide an initial estimate of these track pa-

rameters, which requires information from at least three hits. A pair of hits can also
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be used, but in that case constraint from the ‘beam-spot’ or the luminous center of the
p — p collisions is needed. The seeds are typically generated in the pixel detector. This
is because the average occupancy of the pixel detector, inspite of it being closer to the
interaction point, is about two orders of magnitude smaller than the strip tracker on
account of its finer granularity. What this means is that in a given layer, the separation
between hits relative to their spatial resolution is larger in the case of the pixel detector
as compared to the strip tracker. This leads to a smaller combinatorial ambiguity while
constructing the seed triplets/pairs.

The seeds are passed on to the track finding algorithm. The track finder takes the
track parameters of a seed and the corresponding uncertainties to determine a geometric
window in which to search for an additional hit in the successive tracker layer. If a
suitable hit is found, it is added to the track and the track parameters are updated.
This process continues till all possible hits are accounted for. Finally, a fit is performed
using the information from all the hits to get the best estimate of the track parameters.

Two key performance parameters of tracking are efficiency and momentum reso-
lution. Fig. 2.11 shows the efficiency and the momentum resolution as a function of pr,
for tracks that are reconstructed in simulated ¢ decays at /s = 8 TeV. We see that the
efficiency for tracks with pr in the range of 1 - 100 GeV is greater than 90% while the
momentum resolution for tracks in this range is less than 2%. The momentum resolution
begins to degrade as pr exceeds 100 GeV. This is where the size of tracker’s lever-arm
begins to affect its resolution. On the lower end of pr as well, we see a worsening of
resolution. This is on account of multiple scattering which dominates the measurement
of low-pp tracks.

The tracks in an event are further used to reconstruct primary vertices which
help ascertain the coordinates of the interaction point. Given the high luminosities
at which LHC operates, a hard interaction is typically accompanied by a number of
simultaneous minimum bias interactions. These are known as ‘pileup’ interactions. The
primary vertex reconstruction algorithm tries to ascertain the position of as many pileup
interactions as possible. The process starts with the selection of tracks that are produced
promptly i.e. tracks whose impact parameter is consistent with the beam spot. These

tracks are then clustered using a dedicated ‘deterministic annealing’ algorithm into
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efficiency vs p

Figure 2.11 Figure on the lefts show tracking efficiency as a function of pr (GeV) in
tt events at /s = 8 TeV. Only tracks that leave at least three hits in the tracker are
considered in the efficiency computation. The figure on the right shows the momentum
resolution of tracks in the same set of events as a function of pp.

groups of tracks that can be associated with a single vertex. Finally tracks in each
cluster are used to fit for the position of the primary vertex. Given the multiplicity
of primary vertices, a procedure needs to be adopted to determine the primary vertex
corresponding to the hard interaction. In the case of hard interactions which produce
high pr charged particles in the final state (e.g. Z — p*p ™) an effective approach is to
rank the vertices in decreasing order of the sum of p%, of their constituent tracks and to

associate the vertex with the highest rank (largest Y p2) with the hard interaction.

2.3.2 Muon Reconstruction

Muons are detected by the tracks that they leave behind in the inner silicon
tracker as well as the outer muon system. Muon tracks that are independently recon-
structed in the muon system are called ‘standalone muon’ tracks. A standalone muon
track can be extrapolated ‘outside-in’ to find a matching tracker track. A combined fit
can then be performed using hits from the tracker track and the standalone muon track
to form a ‘global muon’ track. We saw that as pr exceeds ~ 100 GeV the momentum
resolution provided by the tracker begins to degrade due to the size of its lever-arm.
In this momentum regime, the muon system with its larger size helps in improving the

momentum resolution as shown in Fig. 2.12.



59

o g
g r r
- 0.0<n<0.2 . 1.8<n<2.0 -
[ [ -I
i r o
L - L i‘
E ) [o bl
I e L
10 E‘ """" '.'::::;___.__."______ TR iy B 10 E
107 102
L e Full system L o Full system
r ®Muon system only r ® Muon system only
10‘3 1 \\HH‘ 1 \\HH‘Z 1 \\HH‘S 10-3\ \\\HH‘ 1 \\\\\\\‘2 1 \\\\\\\‘3 1 Lol
10 10 10 10 10 10
plGeV/c] plGeV/c]

Figure 2.12 Muon momentum resolution for standalone muons tracks, tracker tracks and
global muon tracks in the central (left) and forward (right) regions of the detector [115].

However, if the muon momentum is low, with pr ~ 5 GeV or smaller, the muon
may not have sufficient energy to penetrate through the muon system and may only leave
behind partial track segments. In order to reconstruct such muon candidates tracker
tracks are extrapolated ‘inside-out’ to match with the muon segments. These are known
as ‘tracker muons’. Global and tracker muon candidates taken together provide a very
high reconstruction efficiency (~ 99%) for muons that are typically produced in p — p

collisions.

2.3.3 Electron and Photon Reconstruction

The ECAL is designed to ensure that electrons and photons deposit their entire
energy into it. Electrons, being electrically charged also leave a track in the tracking
system. Thus, electron candidates are reconstructed by associating tracks in the tracker
with clustered energy deposits in the ECAL [122]. Photons on the other hand are
electrically neutral, and so photon reconstruction relies almost exclusively on the ECAL
[123].

The reconstruction of both electrons and photons depends on finding energy
‘superclusters’ in the ECAL. Superclusters are groups of energy deposits that can be

geometrically associated with each other. A supercluster may have a wider spread in
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the ¢-dimension compared to its n-width. This is explained by the fact that electrons
tend to radiate photons as they interact with the tracker material. But the electrons
also bend in ¢ as they move through the tracker resulting in a spray of photons along
¢ as they pass through successive tracker layers. The supercluster profile of photons
is similar to that of the electrons. A photon on interacting with the tracker material
may convert to an ete™ pair which further produces an electron-like energy profile in
the ECAL. Algorithms searching for superclusters do account for this characteristic
feauture of the geometric spread of the energy of electrons and photons in the ECAL.
Furthermore, it is important to differentiate the superclusters of electrons and photons
from the energy residue that jets may leave behind in the ECAL. An important factor
which discriminates electrons and photons from jets is that they cannot typically reach
the HCAL. Therefore, a requirement of low HCAL activity behind the supercluster is
imposed to reduce the jet induced background.

The superclusters provide an estimate of the energy of electrons and photons.

The supercluster energy is obtained by the following relation [124]:

Eery = Fey[G.> " Si(t).Ci. Ai + Epg] (2.2)

where A; is the readout signal amplitude of each crystal, G is a conversion factor that
translates the ADC signal from the crystals to a corresponding measure of energy (this
factor is different for the barrel and endcap crystals), C; is the crystal-specific calibration
constant called the intercalibration constant which needs to be obtained from data, S;(¢)
is a time-dependent calibration factor that reflects the change in crystal response as it is
exposed to more and more radiation (this also needs to be obtained from data), Egg is
the energy correction due to the preshower and F, , is a correction factor that accounts
for material effects and differences in the shower profiles between electrons and photons.
An elaborate calibration program is required to obtain the values of these parameters
so that the best possible estimate of supercluster energy can be derived.

The weighted center of energy of the supercluster provides a position measure-
ment that can be used to ascertain the particle direction. This is particularly relevant for
photons which do not leave any tracks. The center of the supercluster can be matched

to the primary vertex of the hard interaction, if it can be unambiguously identified, to



61

obtain the photon direction. However, in certain type of events, such as H — v~ decays,
locating the interaction vertex may not be a trivial task. In such cases, some other
inputs such as identifying photon conversion and locating its point of origin, may be
utilized.

In the case of electrons, the momentum direction is determined from the tracker
track. The reconstruction of this track, however, poses a challenge. Given that electrons
tend to lose energy as they traverse through the tracker, their trajectory is not exactly
helical. As a result, the standard track reconstruction technique discussed in the previ-
ous section is not perfectly suited for electron tracks. A dedicated algorithm called the
Gaussian Sum Filter (GSF) is used for reconstructing electron tracks. This algorithm
takes into account energy losses due to bremsstrahlung. The GSF track reconstruction
is initiated by geometrically matching the ECAL superclusters with tracker seeds. The
momentum of the reconstructed GSF tracks is then optimally combined with the su-
percluster energy estimate to obtain the electron momentum. The GSF track gives the
direction of the electron as well its impact parameter.

This process of electron reconstruction which starts with the ECAL superclusters
and then proceeds inwards to find matching tracks, is said to be ‘ECAL-driven’. For
electrons with pr ~ 20 GeV or higher, which are typical of the W — ev and Z — ee
decays, the ECAL-driven approach proves to be highly efficient. However, for lower pp
electrons or electrons inside jets, a complimentary ‘tracker-driven’ approach has been
developed which starts with tracker tracks and matches them to energy clusters in the
ECAL.

In terms of performance, the momentum resolution of electrons and photons is
mainly determined by the resolution of the supercluster energy which is given by the
following relation

OE S N

- 5%5%C (2.3)

where S is the stochastic term arising from shower fluctuations, N is the noise term and
C' is a constant. Unlike the momentum obtained from tracks, we see that supercluster
energy resolution actually improves with energy. As a result, tracks do not play an

important role in the determining the energy of high pr electrons. However, at low pp
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the track momentum does help in improving the resolution as shown in Fig. 2.13. In
the case of photons, the energy measurement has to necessarily rely on the supercluster
alone. Moreover, the uncertainty in the determination of photon direction can have

some adverse impact on the mass resolution of diphoton decays.
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Figure 2.13 Electron momentum resolution using only the supercluster information (red
open circles), only the tracker information (blue squares), and using a combination of
the supercluster and electron track (black circles) [125].

2.3.4 Jet Reconstruction

Quarks and gluons produced in p—p interactions cannot be detected in isolation.
Instead, they hadronize to form jets of particles like pions and kaons. Therefore, the
study of any process which involves these strongly interacting particles (e.g. VBF Higgs
boson production) needs to look for jets in the detector. There exist several algorithms
that can clusterize the energy deposits in the detector into jets [126-130]. A complete
paradigm of event description called particle-flow [131-134] has been developed which
provides the best possible inputs to these clustering algorithms. The particle flow algo-
rithm combines information from all the sub-detectors to form a list of particles that are
produced in the event. Particles are categorized as muons, electrons, photons, neutral
hadrons and charged hadrons. The goal here is to find the best possible description of
the detector activity in terms of the passage or flow of certain types of particles. These
particle are then clusterized into jets.

The energy measured in the reconstructed jets may differ from the partonic
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energy on account of several factors such as detector calibration, pileup etc. Therefore,
the jets need to be calibrated to ensure that their energy matches on average with
that of the partons. These corrections are applied in a factorized manner [135]. The
‘L1’ corrections account for pileup effects by computing the average pr density of soft
interactions in an event and then subtracting this pileup contribution from the jet energy
[136-138]. The ‘L2’ corrections try to make the jet response uniform over the entire n
range. These are derived from dijet events in data. Given that the pr of the two jets
in these events should match, one of the jets at a certain value of 1 can be calibrated
against another jet at a different 7. This still leaves the possibility of an absolute shift
in the measurement jet pp. This is accounted for by the ‘L3’ corrections which are
derived from simulation by computing the ratio of the reconstructed jet pr and the
pr of the generator level jets. Lastly, residual corrections are applied to correct for
differences between data and simulation. The momentum resolution of particle-flow

jets reconstructed with the anti-kt algorithm with a size parameter of 0.5 is shown in

Fig. 2.14.
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Figure 2.14 Jet pr resolution of anti-kr particle flow jets with a size parameter of
0.5 [139].

2.3.5 Tau Reconstruction

Tau leptons are the heaviest of all leptons in the SM. With a mass of 1.776 GeV,
these are the only leptons that are capable of hadronic decays. The taus, however, are

short-lived with a mean lifetime of 2.9 x 1073 seconds which corresponds to a path



64

length of 87 um. As a result, most tau leptons decay even before leaving the beam-pipe
and have to be reconstructed from their decay products. About 35% of taus decay
leptonically producing either an electron or a muon and a couple of neutrinos. In the
remaining cases, the taus decay hadronically, producing one or three charged hadrons,
a neutrino and upto two neutral pions which promptly decay into photons.

Hadronic decays of taus can be identified with either one or three hadronic tracks
along with clustered deposits of photons in the ECAL. Such decays can be reconstructed
as jets, and in fact particle-flow based anti-kT jets serve as the starting point for iden-
tifying taus in an event. The principle algorithm for tau reconstruction is called the
Hadron Plus Strip (HPS) algorithm [140]. This algorithm considers several possibili-
ties depending on the presence of one or three particle flow charged hadrons in the jet.
Neutral pion decays are identified in the form of strips of particle flow photons in the
¢ dimension. Several decay topologies are considered. These include a single charged
hadron with zero, one or two strips as well as three charged hadrons all emerging from a
common secondary vertex. In order to reconstruct the four momentum of the tau lepton,
the charged hadrons are assumed to be pions, and depending on the decay mode, they
are required to be consistent with the masses of the intermediate meson resonances such
as p and a1. To improve the purity of the tau candidates, certain isolation requirements
are imposed on the presence of additional charged hadrons and photons above a certain
pr threshold in a cone of radius AR = 0.5 around the 7-direction in the n— ¢ plane. The

tau efficiency expected from simulation for three working points is shown in Fig. 2.15.

2.3.6 B Jet Tagging

Jets originating from bottom quarks are identified by exploiting the fact that B
hadrons have a relatively long lifetime, with c¢7 typically in the range of 400 microns,
when compared to the impact parameter resolution offered by the CMS tracker. The
impact parameter is the distance from the primary vertex to a given track at its point
of closest approach to the vertex. A useful quantity in tagging b jets is the impact
parameter significance which is the value of the measured impact parameter relative
to its uncertainty. Moreover, a sign can be assigned to the impact parameter which is

taken from the sign of the dot product between the jet axis and the vector from the
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Figure 2.15 Tau reconstruction efficiency for ‘loose’; ‘medium’ and ‘tight’ working points
which are tuned to have a fake rate of 1%, 0.5% and 0.25% respectively from the QCD
background [140].

primary vertex to the point of closest approach. When a long-lived particle such as a
B hadron decays, the resulting tracks typically have a large, positive impact parameter
significance.

Several algorithms are employed in CMS to tag jets originating from b quarks
[141]. In the simplest case, the impact parameter of tracks associated with a jet is used
as a discriminator to identify b jets. The ‘Track Counting High Efficiency’ (TCHE)
algorithm uses the impact parameter significance of the track with the second highest
impact parameter significance to tag b jets. To have a higher purity of b jets, the
track with the third highest impact parameter significance is used instead, resulting in
the ‘Track Counting High Purity’ (TCHP) tagger. Another approach is to construct
the overall probability of tracks associated to a given jet to originate from the primary
vertex and to use this probability as a discriminator. This is the idea behind the ‘Jet
Probability’ (JP) algorithm. A variation of this approach is to consider the the prob-
ability of the four most displaced tracks in a jet to originate from the primary vertex.
This is motivated by the fact that the decay of a b hadron typically produces five tracks.
This is known as the ‘Jet B Probability’ (JBP) algorithm.

The decay of a long-lived particle is also characterized by the presence of a
secondary vertex. Such a secondary vertex may be reconstructed from tracks associated

with a jet. The signed decay length significance of the secondary vertex with respect to
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the primary vertex can serve as a discriminator to identify b jets. This is known as the
‘Simple Secondary Vertex’ (SSV) tagger. Depending on whether a minimum of two or
three tracks are required in the construction of the secondary vertex, the SSV tagger
can be used to yield high efficiency (SSVHE) or high purity (SSVHP). Typically, a mass
constraint is imposed on the secondary vertex to remove vertices from K, A decays or
photon conversions.

Finally, to achieve the most optimal discrimination between b jets and other
light jets, a ‘Combined Secondary Vertex’ (CSV) tagger has been constructed which
combines the information from secondary vertices as well displaced tracks into a single
discriminant. The b-tagging performance of all the different algorithms is summarized

in Fig. 2.16.
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Figure 2.16 Performance curves showing b-jet identification efficiency v/s the rate of
mistagging jets from light quarks and gluons as b jets [141].

2.3.7 Reconstruction of Missing Transverse Energy

Neutrinos cannot be reconstructed in a detector like CMS since they rarely ever
interact with any matter. So while direct detection of neutrinos, or similar other weakly
interacting particles that may possibly exist in nature, is not possible their presence can
be inferred from the momentum imbalance that they create in an event by flying away
undetected. In hadron colliders, we have seen that the total longitudinal momentum of

the interacting partons is not known a priori. However, given that the initial momentum
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of the partons is along the beam direction the total momentum in the plane transverse
to the beam axis must be zero before and after the collision. As a result, if neutrinos are
produced in an event, the fact that they remain undetected implies that the transverse
vector sum of the momenta of all the detected particles will not add up to zero. In
fact, the negative of a such a vector sum gives the total transverse momentum of the
escaping neutrinos. This is known as missing transverse energy or Ej’f?iss. We have
seen that the particle flow algorithm captures the flow of energy through the detector.
E{,?iss is therefore computed simply as the negative vector sum of all the particle flow
candidates in a given event [131].

Unlike other physics objects that we have discussed, EIT“iSS is truly a global
variable i.e. its resolution depends on how well all the physics objects are reconstructed
in the detector. Fluctuations in the pr measurements of all the particle-flow candidates
add up to degrade the measurement of ErTniSS. Hence, E}niss resolution decreases with an

increase in detector activity as shown in shown in Fig. 2.17.

50 CMS Preliminary 2012 50 CMS Preliminary 2012
— T L — T T T T T T T T
% i 12.2fb"at (s=8 TeV | % i 12.2fb"at (s=8 TeV |
S | =Z-ou {1 6 | =—Z-p ]
;><40, +Z.—>ee | ;>-407 +Z.—>ee _]
T [ = v+iets 1 % [ = 7vHets i
i Zly q1'>1°0 GeV ] i Zly qT>100 GeV ]
30 PFE, IL £ 30 PFE, ]
B s 2 4 i { ] B % H b E ]
20— s Le — 20— ) —
i e’ ’ ] i s ! : ]
[ et ] C et ]
10— — 10— —
- e L . - ! L L
Q 12 1 Q9 12f 3
% - F%frii‘f—&l!&i—é-‘%’-t-l# -------- % Af----e hﬂ)_”'w_.4,“§-§%%.%-f~-------é
+~— 0.8F E = 0.8F E
S 0 0.5 1 1.5 2 25 8 0 0.5 1 1.5 2 25
S E, [Tev] Y E. [Tev]

Figure 2.17 Absolute resolution of the z (left) and y (right) components of EX'S as a
function of the total transverse energy reconstructed in the detector [142].

2.3.8 Impact of Pileup

In the high luminosity environment of the LHC several proton-proton interac-

tions occur simultaneously during a bunch crossing. In 2011, an average of 10 such
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interactions occurred per LHC bunch crossing. The number increased to 21 in 2012.
Fig. 2.18 shows the luminosity recorded in 2012 as a function of the average number of
pileup interactions per bunch crossing. We can see that the distribution extends beyond
40 pileup interactions. Fig. 2.19 shows the display of a recorded event with as many
as 78 reconstructed primary vertices. These overlapping interactions are also known as
‘in-time’ pileup interactions since they occur concurrently with a given hard interaction.
But there is also another kind of pileup. Some of the sub-detectors allow data to be
read in an extended time window. This causes some energy from the preceding and
succeeding events to penetrate into the measurement of a given event. Such an over-
hang of energy from neighboring events is termed as ‘out-of-time’ pileup. The impact
of out-of-time pileup in the first run of the LHC has been considerably smaller than the

in-time pileup.
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Figure 2.18 Distribution of the luminosity recorded in 2012 as a function of the average
number of pileup interactions per bunch crossing.

We saw in Fig. 2.17 how the E:,rfliss resolution gets degraded with increase in
detector activity. Pileup also affects the momentum determination of physics objects
which rely on calorimteric information. The pr of jets, for instance, needs to be corrected
to account for additional energy from pileup which gets reconstructed as a part of the
jet. We discussed this as the L1 correction in the section on jet reconstruction. Fig. 2.20

shows the pp correction that needs to be applied to jets as a function of the number of
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Figure 2.19 Display of an event with 78 reconstructed primary vertices.

reconstructed primary vertices. The energy of electrons and photons also needs to be

corrected for the pileup energy that gets captured in the ECAL superclusters.
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Figure 2.20 The L1 pileup correction for anti-kr particle flow jets with a distance pa-
rameter of 0.5, plotted as a function of jet pseudorapidity in data (black) and simulation
(green).

Apart from affecting the pr measurement of jets, pileup can also throw up ad-
ditional jets in the event. It is quite possible that the energy spewed by multiple pileup
interactions overlaps to mimic a hard jet. It can be shown that the probability for such

an overlap is proportional to the square of the number of pileup interaction. Therefore,



70

at high pileup we have to devise a strategy to separate the ‘pileup jets’ from the jets that
are produced in the hard interaction under consideration. The pileup jets are identified
with a multivariate discriminant that takes into several variables that distinguish the
pileup jets from a ‘real’ jet [143]. These variables can be categorized into two types
- track based variables which look at the compatibility of the charged candidates in
a jet with the primary vertex associated with the primary interaction (see the end of
Sec. 2.3.1 to understand how this primary vertex is chosen), and shape based variables
that look at how the energy is geometrically distributed in the jet. Fig. 2.21 shows the

distribution of the multivariate discriminant for jets in the central region of the detector.
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Figure 2.21 Distribution of the multivariate discriminant used to identify pileup jets,
shown for anti-k1 particle flow jets with a distance parameter of 0.5 produced in the
central region of the detector (|n| < 2.5) and having pp > 25 GeV.

Certain key physics processes result in the production of leptons and photons
that are isolated. An isolated particle has very little activity in its immediate vicinity.
Isolation is the measure of energy in a small neighborhood of a particle. A lepton
produced in the decay of a W or a Z boson is typically isolated, while a particle inside
a QCD jet is typically surrounded by a considerable amount of energy, and hence is
not isolated. Isolation serves as an extremely important discriminant against QCD
background. The presence of pileup however, degrades this discrimination. Pileup
events spew energy uniformly across the detector. As a result, particles which would be
isolated in the absence of pileup, pick up this additional energy in their neighborhood.
Corrections have to be made to account for pileup in the measure of isolation of a given

particle. In the case of charged particles which enter the isolation sum, the tracks are
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required to be consistent with the interaction vertex that is associated with the hard
interaction (see the end of Sec. 2.3.1 to understand how this primary vertex is chosen).
In the case of isolation computed from calorimetric energy, the overall ambient energy
is computed on an event-by-event basis from the transverse energy density (p) of soft
jets and an appropriate correction is applied. This is conceptually similar to the L1
correction that is applied to jets and is often referred to as the ‘p-correction’. Fig. 2.22
shows how p and the isolation sum increases as a function of the number of reconstructed
vertices in the 8 TeV collision data. We can also see how the isolation sum flattens out,
thus becoming independent of pileup, when the p-correction is applied. An alternate
approach to correct the isolation sum for pileup contamination is referred to as the ‘AfS-
correction’. The basic idea behind this approach is the fact there are twice as many
charged hadrons produced on average in QCD interactions as there as neutral hadrons.
Therefore, one can compute the energy sum of all the charged particles falling in the
isolation region that are not consistent with the interaction vertex, and assume half of

this sum to be the ambient neutral energy due to pileup.
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Figure 2.22 The transverse energy density p (hollow marker) is shown as a function of
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2.4 Event Simulation

Simulations play an extremely important role in the design and execution of
every physics analysis. They help in constructing a realistic model of the experiment
thereby enabling a detailed investigation of the signal and background processes that are
expected to be encountered in a given analysis. There are dedicated software programs
called event generators that can simulate a wide range of physics interactions which occur
in particle collisions. The key steps in this process of event generation are summarized

below.

2.4.1 Hard Interaction

Event simulation starts with the hard interaction that occurs between partons
when the hadrons collide. Event generators can typically evaluate the differential cross-
section of a partonic interaction at LO (e.g. MadGraph [144]) or NLO (e.g. POWHEG
[145]) in perturbation theory. This parton level differential cross-section when convolved
with the PDFs (see eq. 1.20) and integrated over the phase space of the final state
particles, gives the total cross-section of the hard scattering process. Event generators
employ the Monte Carlo technique [146] to perform the convolution and the phase space
integration. The idea is to randomly sample discrete points in the momentum space
of the final state particles in accordance with the distribution of the integrand. Each
of these discrete points then represents an event in which the outgoing particles are

assigned certain specific momenta.

2.4.2 Parton Showering

If the final state particles of a hard interaction carry color charge, they can
radiate gluons just as electrically charged particles radiate photons. Since the gluons
themselves carry color charge, they can further radiate gluons or split into a quark -
antiquark pair. This process of parton splitting (¢ =+ ¢+9, 9 > g+9, 9 = ¢+ q)
produces a shower of particles in the event. Certain generators such as PYTHIA [147],
SHERPA [148], HERWIG [149] have the capability of simulating these showers from the

products of the hard interaction.
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2.4.3 Underlying Event

When a hard scattering occurs, the structure of the interacting hadrons gets
completely destroyed. The hadronic remnants that are left after we separate the hard
process are termed as the ‘Underlying Event’ (UE). We need to add the UE to the
simulation of a hard interaction in order to complete the description of an event. The UE
model is derived empirically from the data collected at hadron colliders. The simulations
that are used in this thesis employ the ‘Z2 tune’ of PYTHIA [150] which is based on the

results of early data collected by CMS.

2.4.4 Hadronization

As the parton shower evolves, the momentum transfer scale in parton split-
ting goes on decreasing. A point is reached, where the QCD interactions become non-
perturbative. The event generators terminate the shower at this stage and the partons
are hadronized to form color singlet final states which we can observe experimentally.
The resulting hadrons may themselves be unstable and are suitably decayed into other

particles.

2.4.5 Detector Simulation

The event generators essentially produce a list of outgoing particles for a given
physics process, and each particle is assigned a four-momentum. These particles are
then propagated through a detailed simulation of the detector which tries to model, as
accurately as possible, the interactions of these particles with all the detector elements.
A dedicated software package called GEANT [151] is used for this purpose. A full blown
detector simulation enables us to transform the four-momenta of generated particles
into the digital signals that we expect to readout during data-taking. These can then
be processed through the event reconstruction chain that was discussed in Sec. 2.3 to

obtain a realistic experimental description of a given physics interaction.



Chapter 3

Concepts of Statistical Analysis

The previous chapters provided the essential theoretical and experimental inputs
to search for the Higgs boson. What is still needed is a statistical toolkit that can be
used to interpret the data collected in the experiment in a rigorous and quantitative
manner. While a thorough exposition of these statistical techniques is beyond the scope
of this thesis, an attempt is made to expose the key underlying principles in this chapter.
Various statistical concepts and techniques that will be used for the Higgs analyses in
the subsequent chapters are developed and presented here so that this chapter can serve
as an explanatory reference for them when they are employed to quantify the analysis

results.

3.1 Likelihood and Parameter Estimation

A particle collider is essentially a machine that keeps on repeatedly performing
one single experiment - that of colliding two particles at a certain fixed energy. The
measured outcome of this repeated experiment, however, varies unpredictably from one
collision to another. One fundamental source of this randomness is quantum mechan-
ics, which by its very nature is non-deterministic. Another source is the experimental
apparatus itself, which may be prone to errors that could induce random variations in
measurements. This means that we have to construct a probabilistic model to interpret
the observed data. The mathematical representation of this model is called the ‘like-

lihood function’ or simply the ‘likelihood’. Loosely speaking, the likelihood function
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yields a value that is proportional to the probability of observing a certain set of data,
given the parameters of the underlying model.

As an illustration let us consider a simple counting analysis. As the name sug-
gests such an analysis basically counts the number of events of a certain type in data.
Some of these events come from a signal process that is of interest to us. The remaining
events belong to the background that has infiltrated our selection. Let us assume that
we expect an average of b events in our dataset. We are interested in estimating the
average rate of signal events using our data. Let us say that the signal rate is predicted
to be s from certain a priori estimates. We define a ‘signal-strength modifier’ y such that
we can write the total expected event rate as us—+b. Our goal is then to get an estimate
of u from data which would help us measure the average signal rate in relation to our
initial prediction. If we observe N events in our dataset then the likelihood function can

be written in terms of the Poisson distribution as follows

(s + b)N e~ (nstt)
N!

L(data|u) = (3.1)

L(data|us + b) gives the probability of observing N events in data assuming an average
rate of us + b. Given this probabilistic interpretation of £, we can say that the best
estimate of p is that value of p (denoted by fi) which maximizes the likelihood. In
practice, it is more convenient to write the likelihood in terms of a x? function which is
defined as £ = e=X"/2. Then [ becomes the value of y which minimizes the y? function.
We can also use the x? distribution of y to determine the uncertainty on the
estimate 1. The uncertainty associated with a parameter estimate is indicative of a
‘confidence interval’ with a certain ‘confidence level’ (CL) or ‘coverage’. This confidence
interval is itself estimated from the data that we observe. The meaning of a confidence
interval for parameter 1 at some X % confidence level can be understood as follows. If the
given measurement were to be repeated a large number of times, and if we were to derive
the confidence interval for each of these measurements, then the true value of parameter
i, let’s call it i, would be contained in this interval in X% of the measurements.
When the sample size is sufficiently large (N > 1) the central limit theorem
[152] implies that the x? distribution becomes parabolic (or alternatively the likelihood

becomes Gaussian). In the Gaussian limit, the central confidence interval with a coverage
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of M standard deviations (o) around /i is given by the following relation [153]

X+ Mog) — xg = M? (3:2)

In particular the case M = 1, corresponds to the 68.3% confidence interval which
we can estimate graphically by obtaining the x values where the value of x*—x2 becomes
equal to 1. Similarly we can obtain the 95.4% confidence interval from the p values at
which x? — X(Q) becomes equal to 4. However, instead of 95.4% it is customary to quote
the 95% confidence interval which is obtained by setting x* — x3 equal to 3.84. We must
always be mindful of the fact that the confidence intervals obtained with this approach
match the classical confidence intervals only in the Gaussian limit. Nevertheless, it can
be shown that these intervals do approximate the classical confidence intervals even if the
likelihood is non-Gaussian [154,155]. As an illustration Fig. 3.1 shows a x? distribution
as a function of pu. We see that the minimum of the distribution lies at p = 1 while it
crosses the value of 1 at © = 0.86 and p = 1.14. Therefore, we can write the measured

value of p as i = 1.0 £ 0.14 at 68% CL.
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Figure 3.1 An example of a x? distribution.

3.2 Analysis Types

The counting analysis that we have considered may not be the most optimal

approach to measure u. We haven’t made use of any discriminating features between
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the signal and the background. Typically we can find some kinematic variable whose
shape is different between signal and background. If we bin our data in this variable,
we would find certain bins to have a much higher fraction of expected signal events
as compared to the counting analysis. The enrichment of the signal content helps in
improving the measurement. In general, if we divide our dataset into n bins such that
the expected signal and background rates in the i*® bin are s; and b; respectively, then

the likelihood of this binned analysis is given by

(s + bi)Nie*(M8¢+bi)
N;!

L(datalp) =[] (3.3)

i

We can think of a binned analysis as a statistical combination of n independent
measurements. In fact the notion of bins can be quite generic. The bins need not
necessarily correspond to a distribution of a discriminating variable. We can treat the
different channels of a signal process, e.g. the various decay modes of the Higgs boson, as
individual bins. Combining the results from all these bins then amounts to performing
a statistical combination of all the different channels.

When we bin the distribution of a certain variable, we smear out the discrimi-
nation between signal and background within every bin. Therefore, we still lose out on
some discriminating power when it comes to events within a single bin. We can make
the binning irrelevant and perform an unbinned analysis if we know the underlying ana-
lytical shapes of the signal and background distributions. Let us assume that the signal
and background distributions of a certain discriminating variable m are described by
probability distribution functions (p.d.f.s) fs(m) and f,(m) respectively. We start by
constructing binned distributions of these p.d.f.s with bins of extremely small size Am.
Let us assume these bins to be so small that each of them can contain either zero or one
event. If s and b are the total signal and background rates then the expected signal in
the ith bin is given by sf;(m;)Am while the expected background is given by bfy(m;)Am

(we can take m; to be the center of he i*h bin). We can now rewrite eq. 3.3 as

(s fs(mi) Am + b fy(mg) Am)Ni g = (sl (mi) AmAbfy (mi) Am)
N;!

L(data|p) = H

i

(3.4)
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Using the fact that N; = 0 or 1, the above equation reduces to the following

L(datal) = (Am)" ([ st my) + bfo(my)ye 0+ (3.5)

where P is the total number of small bins in which we have divided the distribution, and
the product is taken over every event of the dataset. Given that (Am)? is a constant
multiplicative factor it will not play a role in any inference that we make using the
likelihood. Therefore, we can drop it from the likelihood definition. The unbinned

likelihood can now be written as follows

£(datalu) = ([T ssalmy) + bfo(my))e =+ (3.6)

In general, one can say that an unbinned analysis gives the most optimal results.
However, it is possible to perform such an analysis only when the shape of the discrim-
inating variable is known analytically (in other words we need to know the signal and
background p.d.f.s). This may not always be possible. However, we saw in the deriva-
tion of the likelihood function that an unbinned analysis can be thought of as a binned
analysis in the limit of a large number of bins. Therefore, if an unbinned analysis is not
possible, we can perform a binned analysis with an optimal choice of binning such that

further increase in the number of bins does not substantially improve performance.

3.3 Multiple Parameters of Interest

So far, we have restricted ourselves to the measurement of a single parameter,
namely p. But an analysis may have more than one parameter of interest. Let us
consider an additional parameter mg that we are interested in measuring. This could
be, for instance, the mass of the signal particle. To get the best fit values of both p and
mo we need to find the point (j,mg) in the u — mg plane at which the x? function of
the likelihood L(data|u, mp) is at a minimum.

Next, we need to measure the uncertainties on these parameters. Let us take
the case of parameter mg. In order to determine the uncertainty on mgy we construct a

‘profile likelihood’ denoted by £(datalf, mg). This likelihood is constructed such that
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for a given value of mg we use that value of p, denoted by ﬁ, which maximizes the

likelihood at mg. Let us define the x? function of the profile likelihood as follows

ﬁ(data“ia mO)

£ (datalfs, o) (8.7)

X% = —2log(

The X% function by construction goes to zero at its minimum. We can determine
the 68% confidence interval by scanning X;% and finding the values of mg at which X?) = 1.
In this construction, the signal strength is said to be ‘profiled’. However, instead of
profiling 1, we may be interested in finding all the values of 1 and mg that fall within a
certain confidence region. Such a confidence region will define a certain area in p — mg
space. While the confidence interval for a single parameter is defined by two boundary
points, the confidence region for two parameters is defined by a boundary contour.
Fig. 3.2 shows an illustrative 2-dimensional scan of a x? function in the p — mg space.
In the large sample limit, the y? distribution for two parameters becomes a paraboloid.
The conditions which give the the contours of the 68% and 95% confidence regions in
this paraboloid are x?(u, mg) — x& = 2.30 and x2(u, mo) — X3 = 5.99 respectively [153].

These are indicated by the solid and dashed contours in Fig. 3.2.
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Figure 3.2 An example x? distribution plotted as a function of p and mg. The solid
and dashed contours in this figure indicate the 68% and 95% confidence regions in the
1 — myo space.
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3.4 Systematic Uncertainties

In all our discussion up to this point we have assumed that inputs to the model
used to construct the likelihood are known without any uncertainty. For example, we
have assumed that the average event rates for signal and background are known precisely.
We have also assumed that the signal and background p.d.f.s in the case of an unbinned
analysis are known exactly. As a result, the only source of uncertainty in the measured
parameters is statistical. In other words, we could arbitrarily reduce the uncertainty on
these parameters by increasing the size of our dataset. However, in real life experiments
the signal and background models are not known with such exactitude. In fact, there
is no single physical quantity that we know with infinite precision. Every input that
goes into the construction of our likelihood has some uncertainty associated with it.
Some inputs may be known with much greater precision than others. The uncertainties
on such inputs may not have a noticeable impact on the analysis result, and so they
may be ignored. One key challenge in experimental analysis is to determine all the
relevant sources of systematic uncertainties associated with the inputs that go into the
construction of the statistical model. How these uncertainties are determined depends
on the details of each analysis. Here, let us discuss how systematic uncertainties get

included in the likelihood and how they impact the analysis result.

3.4.1 Normalization Uncertainties

One important class of systematic uncertainties are those which are associated
with the event rates. These are often termed as normalization uncertainties. In our
example, it may be the case that the expected number of background events b are known
with a relative uncertainty given by op. This could be attributed to the uncertainty
involved in the theoretical computation of the background cross-section as we discussed
at the end of section 1.3.3. Similarly, let us also assume a relative uncertainty os on the
expected number of signal events s. There are three possible ways of relating systematic
uncertainties with one another. If the sources of these uncertainties on the signal and
background rates are unrelated, the two uncertainties should be independent of each

other. On the other hand it is conceivable that some uncertainties are fully correlated
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between the signal and the background. For example, let us assume a relative uncertainty
0. on the estimated luminosity corresponding to the data that we have analyzed. Since
the expected event rates are proportional to the luminosity, any error in the luminosity
measurement will have a simultaneous impact on both the signal and background rates
(unless, the background is estimated from the observed data itself - but let us ignore this
nuance in our case). A third possibility is that of a given systematic uncertainty being
completely anti-correlated. For example, if we decide to split our analysis into two bins,
there exists the possibility of bin migration wherein we are not certain whether we are
mis-placing a certain fraction of events in one bin instead of the other. In such a case,
the corresponding systematic uncertainty would be completely anti-correlated between
the two bins since over counting of one bin implies underestimation of the other.

Let us now consider how to incorporate these uncertainties in our likelihood.
The expected signal and background yields (s and b) are treated as fixed parameters of
our statistical model. In order to allow a variation of these yields, we need to introduce
additional floating parameters. So, to introduce the uncertainty o3 on the background
yield, we redefine b as b(0,) = b(1 + 0p6). When we say that the background yield
has a relative uncertainty o, we imply a certain constraint on the allowed variation of
b. This constraint, in the frequentist context, translates into an auxiliary measurement
of parameter 6. Such an auxiliary measurement may be real - it may correspond to
a measurement of the background in a control region - or it may be purely symbolic.
For instance, we can construct an auxiliary measurement of a certain variable 6, such
that 6, obeys a Gaussian p.d.f. p(éb\Gb) that is centered at 8, and has unit width. By
introducing p(6|6,) multiplicatively into the likelihood we essentially impose a Gaussian
constraint on 6. Similarly, for the signal we have the uncorrelated uncertainty o,
which can be introduced as s(s) = s(1 + 046;). The associated parameter 65 can
then be constrained by another Gaussian function p(fs|6s). The uncertainty o, that
we have assumed to be correlated between the the signal and background enters as a
multiplicative factor for both the signal as well as the background yields. The signal
yield now becomes s(0s,0.) = s(1 + 0405)(1 + 0.0.) and the background yield becomes
b(0p,0.) = b(1 + o) (1 + 0.0.). The likelihood function takes the following form
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L(datal|p, 05, 0p, 0.) = Poiss(data|us(bs, 6.) + b(0y, 0.))L(0s, 65, 6.) (3.8)

where Poiss(data|us(0y, 0.) + b(6y, 0.)) represents the ‘Poissonian’ or the statisti-
cal part of the likelihood that we elaborated in the earlier sections while L(fs, 6y,0.) =
p(0b]0s) x p(04]605) % p(Be|6.) is the component of the likelihood which represents the
auxiliary measurements that help to constrain 6, 8y, 6.. The 6 parameters are known as
‘nuisance parameters’ as opposed to u which is a ‘parameter of interest’ or the parameter
that we are aiming to measure in our analysis.

At this point, it should be mentioned that we may not know the exact nature
of the auxiliary p.d.f.s. The shapes that we assign to these p.d.f.s are typically some
educated assumptions. The Gaussian p.d.f. that we used to model the auxiliary mea-
surements actually has an unpleasant feature that it is non-zero even for values of 6
that make the yield negative. Therefore, it needs to be truncated at some point to
zero. To avoid such pathologies one can rewrite the signal and background yields as
5(05,0.) = s(1 4 04)% (1 + 0.)% and b(By,0.) = b(1 + 03,)% (1 + 05)%. The § parameters
are still associated with the same Gaussian auxiliary measurements and may take on neg-
ative values, but the yield always remains positive. It can be shown that this redefinition
is equivalent to changing the auxiliary measurement from a Gaussian to a log-normal
p-d.f. In the discussion that follows in the subsequent chapters, we will always use the
log-normal model for normalization uncertainties unless specified otherwise.

We have seen that in order to incorporate systematic uncertainties into the like-
lihood we need to introduce additional nuisance parameters which make the likelihood
multi-parametric. Therefore, to measure the signal strength 1 we make use of the profile

likelihood that was discussed in section 3.3 whose x? function can be written as follows

L(datalpu, é)

L(datalj, 0) (3.9)

x5 = —2log(

where 6 represents all the nuisance parameters of the model. The fi, 6 in the denominator
of X]% represent the best-fit values of the signal strength and the nuisance parameters,

while 6 represents the profiled value of the nuisance parameters with the signal strength
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fixed at u.

3.4.2 Shape Uncertainties

In the case of an unbinned analysis we can also assign uncertainties to the pa-
rameters of the signal and background p.d.f.s. Let us imagine that our signal line shape
can be parametrized by the Gaussian distribution. We need two parameters to define
the Gaussian p.d.f. The width of the Gaussian (o) is indicative of the detector resolution
(assuming the natural width of the resonance to be very small). Depending on how well
we understand the detector response, we should assign a resolution uncertainty on o.
The other parameter of the Gaussian is the location of the peak (mg). It may be possible
that our measurement introduces a bias or a shift in the peak position with respect to
its true value. We should then assign an uncertainty to mg in order to model our under-
standing of this bias. This is referred to as the scale uncertainty d,,. We can implement

m=mo(14+0m0m))* /20 {here 6, is a

this uncertainty by redefining the signal p.d.f. as e (
nuisance parameter that we constrain with a Gaussian auxiliary measurement. Fig. 3.3
shows an illustrative x? distribution of mg both with and without the scale uncertainty.
We see that the y? distribution broadens on introducing the scale uncertainty. This is a
general effect of introducing systematic uncertainties. The broadening of the x? distri-
bution results in an increase in the total uncertainty (o) on the measured parameter.
We can divide this total uncertainty into a statistical (o) and a systematic (osyst)
component. The o; and o values can be obtained from x? distributions obtained
with and without introducing systematics. Then assuming that oy, is given by the
quadrature sum of ogqr and Tgysr, 1.6 05y = 0% + agyst we can obtain the systematic
uncertainty as ogys = \/m.

In the case of a binned analysis, we do not have signal and background shapes
in analytical form. But we can think of the bins as constituting a histogram. We may
have a source of uncertainty which may cause a coherent variation in the contents of
all the bins (e.g. jet energy scale when dealing with quantities depending on jet pr).
This will appear as a distortion in the shape of the histogram. In order to incorporate
the systematic uncertainty due to this shape distortion we start with the best estimate

of the binned shape, which can be termed as the central shape. Let 77? be the content
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Figure 3.3 The dotted line shows the y? distribution of mg without any systematic
uncertainty. The solid line shows the y? distribution after adding the scale uncertainty.

of the i*" bin of this histogram. We then construct two bounding histograms which
correspond to 1o variations in the binned shape. As an example Fig. 3.4 shows the
central and bounding histograms for some variable z that may be used in a binned
analysis. Let 771-+ , 1, be the contents of the ith bins of these bounding histograms. We
define a single nuisance parameter 6 which can continuously morph the shape of the
central histogram to the ‘+’ and ‘-’ histograms. The content of the 7" bin then becomes
a function of § which needs to satisfy three equations : 7;(0 = 0) = n?, n;(0 = 1) = n;"
and 7;(6 = —1) = ;. In order to satisfy three independent equations, we need the 7;(6)

function to be at least a quadratic for § between -1 and 1.

3.5 Hypothesis Tests

The discussion up to this point has focused on using data to measure certain
parameters of our physics model. But we may be interested in testing the validity of
the model itself when compared to an alternative hypothesis. Generally speaking, this
translates to the question - ‘given two hypotheses, which is more compatible with data,
and is there a way to quantify this compatibility?’. As an example we can consider two
possible ways of parameterizing our signal p.d.f. One possibility is to assume a Gaussian

m—mog)2 /202

shape e~ . Lets call this hypothesis G. An alternate possibility is to define the

signal shape using the non-relativistic Breit-Wigner function 1/[(m—mq)?+10?]. Let us
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Figure 3.4 The solid black line shows the central shape of a variable x used in a binned
analysis, while the dotted green and blue lines show histograms corresponding to 1o
variation in the binned shape.

call this hypothesis B. Let us assume that hypothesis G is our default or baseline choice.
We then call G as the ‘null hypothesis’ and hypothesis B as the alternate hypothesis.

The process of hypothesis testing starts by the construction of a ‘test statistic’
g which is a function of the observed data. Then we determine the p.d.f. of the test
statistic given hypothesis G. This is indicated as f(q|G). Let gops be the observed value
of the test statistic in data. Then the compatibility of data with hypothesis G can be
expressed in terms of the p-value (pg) where pg = f f (¢|G)dg. The p-value indicates
the probability of getting a value of the test statistic which is equal to or larger than
Gobs- Therefore, a smaller p-value indicates weaker compatibility between data and the
hypothesis. One can decide before-hand on a significance level denoted by « such that if
pa < a, the hypothesis G stands rejected. The same procedure also applies to hypothesis
B.

According to the Neyman-Pearson lemma [156] the test statistic given by the
likelihood ratio Lg/Lp provides the maximum discrimination between hypotheses G
and B. Here L is the likelihood function obtained assuming hypothesis G while L3 is
the likelihood function obtained assuming hypothesis B. It is more convenient to use the
log of the likelihood ratio and so we use the test statistic defined as ¢ = —2In(Lp/Lg).

Having defined our test statistic we need to determine the p.d.f.s f(¢|G) and

f(¢q|B). Generally speaking, it is not possible to describe these p.d.f.s analytically. How-
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ever, we can estimate their distribution by using ‘toy Monte Carlo’. The idea is to gen-
erate a large number of pseudoexperiments in accordance with a certain hypothesis. So
for hypothesis G we generate a large number of datasets sampled from the background-
plus-Gaussian physics model. We then evaluate the test statistic ¢ = —2In(Lp/Lg) for
every one of those datasets and create a distribution of these values to get the shape of
f(q|G). We can evaluate the p-value for hypothesis G by taking the ratio of toys having
q > qobs With the total number of toys. The same procedure then applies for p(¢|B) as
well. As an illustration Fig. 3.5 shows the distributions of f(¢|G) and f(¢|B), and the
value of g.ps. We see that hypothesis B which assumes a Breit-Wigner signal shape is
disfavored compared to hypothesis G which assumes a Gaussian signal. It is customary
to quote the p-values in terms of the significance Z expressed in ‘sigmas’ which can be

obtained by the following relation

*© 1 2
= /2 3.10
= [ = (3.10)

A lower p-value translates to a higher significance. The p-value for hypothesis

G in Fig. 3.5 is 0.70 while the p-value for hypothesis B is ~ 40.
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Figure 3.5 The p.d.f. of the test statistic ¢ given hypothesis G is shown by the green
distribution while the p.d.f. of ¢ given hypothesis B is shown by the blue distribution.
The arrow indicates the value of gups

In certain situations, the likelihoods L and £ may contain floating parameters

of interest which need to be fit from data. For example, we may not know the signal
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strength p before hand and we may want to estimate it from data. In that case, p is
estimated independently for each of the two hypothesis and the best fit values of u, lets

call them [ig and jip, are used in the likelihoods Lg and Lp.

3.6 Quantifying Searches

So far we have assumed that the existence of the signal is not in question. What
we have done is to probe and measure the properties of some known physics process
which we treat as our signal. But there is an entire class of analyses whose aim is
to search for new, hitherto unknown phenomena. The search for the Higgs boson is
certainly a prominent case in point. In such analyses it is the very existence of the
signal that is sought to be established. If an analysis claims to discover a new signal,
it should be able to quantify the degree of confidence in that claim. Similarly, if an
analysis does not observe any signal it needs to outline the reach of its search. In this

section we discuss how the results of searches are quantified.

3.6.1 Excesses

When searching for new physics, we are essentially interested in observing a
deviation from the background expectation in terms of an excess of events. In the
statistical model that we have developed, this excess shows up as the signal contribution
us. Setting p = 0 corresponds to the background-only scenario. If we treat u = 0 as
our null hypothesis then the presence of signal in data will reduce the p-value that we
obtain from testing this hypothesis. If the p-value is sufficiently small, we can lay claim
to a discovery. To perform this test we define a test statistic using the profile likelihood

ratio [157]

| £(datal0, 0)

= —2In = and 4 >0 3.11
¢ £ (datalfs, 0) = (3.11)

where 6 are the values of nuisance parameters obtained by maximizing the likelihood
with 4 = 0. The condition p > 0 ensures that downward fluctuations are treated
as being consistent with the background-only hypothesis. We now seek to construct

the p.d.f. of the test statistic for the background-only hypothesis which is written as
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f(ql0, éobs). where 501,8 represents the values of the nuisance parameters which maximize
the likelihood of the observed data for 4 = 0. We can construct this p.d.f. using the
same toy Monte Carlo approach that was discussed in section 3.5. The p-value can then
be computed using p = fqi(;s f(ql0, éobs)dq. However, in the large sample limit it can be
shown that the significance is given by the simple relation Z = /qps [158] (the relation
between p and Z is shown in eq. 3.10). To claim a discovery it is customary to require

the significance to be larger than 5¢.

3.6.2 Upper Limits

In the absence of a significant deviation from the background expectation we
need to give a quantitative answer to the following question - ‘how feeble does the signal
have to be to escape detection in the analysis?” We can translate this question into a
hypothesis test of the signal-plus-background model. Given a certain fixed value of u
we test the compatibility of the us + b model with data. If the p-value is smaller than
a certain significance level o (the most typical choice is 0.05) then we can reject the
signal-plus-background hypothesis for that value u. If we now keep on lowering u we
will reach a point p, such that the p-value for the p,s + b hypothesis becomes equal
a. Reducing the signal strength below this point will make the signal too weak to be
rejected by the hypothesis test. The value p, is termed as the upper limit on p at a
confidence level of 1 — . We can think of (0, po) as a one-sided confidence interval of
1 at a confidence level of 1 — . All values of i greater than u, are said to excluded
at (1 — a) CL. To perform the hypothesis test for a given p we use the following test
statistic [157]

L(data|u, 5)

= 2ln—————= and 0 << 3.12
G £(datal s, 0) e (3.12)

In this case the nuisance parameters 5 are obtained by maximizing the likelihood
assuming signal strength . The condition fi < u enforces the fact that we are measuring
upper limits while the requirement ji > 0 comes from our assumption that signal can only
add to the background yield. To obtain the p-value from the test statistic we need the

p.d.f. flaulp, éobs). While one can obtain this distribution from toy MC, approximate
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results are available in analytical form in the large sample limit [158]. In fact, the upper

limit p, can be obtained directly from the following relation [153,158]

o = 14+ 0@ 711 - ) (3.13)

where o is the variance of i and ® is the cumulative distribution function of a Gaussian
with zero mean and unit width. In the case of the Higgs boson, the expected signal rate
is well-defined in the SM for a given value of my, and so we expect p = 1. Therefore,
if we observe u, < 1 for a certain value of my then a SM Higgs boson of that mass is

said to be excluded.

3.6.3 CL; Upper Limits

In a given experiment, a downward fluctuation of the background may lead
to a stronger upper limit than the actual strength of the signal itself. This is quite
consistent with the statistical interpretation of an upper limit. If an experiment were
to be performed repeatedly, we do expect the actual value of the signal strength to be
greater than the 95% upper limit in 5% of the experiments. But given that we may
not necessarily get a chance to repeat an experiment, we would prefer to disfavor the
exclusion of signal driven by a downward fluctuation of the background. For this purpose

we construct a quantity called CLg [159,160] as follows

CLS-‘rb = foo f(qu’:u7 éobs)dq

4u,obs
Cly, = qujobs f(Q,u’O> éobs)dq (314)
CLs = Cé'itb

If CLs < « for a given u, then that p is said to be excluded in the CLg scheme
at (1 — «a) CL. In the case of the Higgs boson, if we get CLs < « for p = 1 at a
given value of myy, the SM Higgs boson is said to be excluded at that mass. Since CLy,
is always smaller than or equal to unity, the value of CLg is always greater than the
usual p-value indicated by CLg,p. As a result the CLg approach always yields a more
conservative upper limit compared to the classical case. Moreover, when the background
underfluctuates, the value of CLj, decreases thereby increasing the value of CLg which

in turn makes exclusion harder.



90

3.6.4 Expected Upper Limits and Significance

While designing and performing a search one is often interested in evaluating
the significance that would be expected for a certain amount of data if a signal does
exist, or the value of the expected upper limit in the absence of one. These values give
an indication of the sensitivity of the analysis. The expected values could also be used
for optimization i.e. one could use the expected significance or the expected upper limit
as a benchmark to tune the selection requirements that are imposed in the analysis.

To evaluate the expected significance of an analysis, one needs to determine the
p-d.f. of the significance assuming the signal strength p = 1. In other words, we want to
know how the significance (Z) of our analysis would be distributed assuming the signal
to exist as predicted, if we were to repeat our experiment a large number of times. Here
we need to decide on the values of the nuisance parameters to be used for determining
this distribution. There are two possibilities. When optimizing an analysis, we want to
stay as blind as possible to the actual data. Therefore, it is best to use the values of
nuisance parameters that we expect a priori (fy). However, if we want to present the
expected result as a comparison to what we observe in data, we may want to use the

best estimates of the nuisance parameters obtained by maximizing the likelihood under

obs

the assumption u = 1. Let us call these Hu:

1- Then the p.d.f. we are trying to determine
can be represented either as g(Z|u = 1,60p) (for optimization) or g(Z|u = 1, Hzlﬁl) (for
comparison with observation). We can obtain this distribution by generating a large
number of toy Monte Carlo datasets and evaluating the significance for each of these
toys. We can then take the median of this distribution as the expected significance.
The same rationale applies also to the expected upper limit. In this case we want
to know how the upper limit on the signal strength (uq) is distributed assuming there
is no signal i.e. = 0. We can denote this p.d.f. as h(ua|p = 0,60p) or h(ua|p =0, Hﬁb:SO)
depending on how we want to treat the nuisance parameters. We can then take the
median value of the p.d.f. as our expected upper limit. We can also use the p.d.f. to
obtain 68% or 95% confidence intervals for the expected upper limit. Ref. [158] provides
details on how to evaluate the expectations for upper limits and significance in the

asymptotic or large sample approximation.

Lastly, let us consider Fig. 3.6 which is a useful illustration taken from Ref. [161]
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that helps to explain how to make sense of the exclusion curves for the SM Higgs boson.
We will encounter such plots in the next two chapters. An exclusion curve is essentially
a translation of the upper limits into a statement about the (non)-existence of a certain
physics phenomenenon - in this case the SM Higgs boson of a certain mass. The dotted
black line shown in the figure is the median expected upper limit at 95% CL on the
signal strength of the SM Higgs boson. What we learn from this curve is the following.
If the SM Higgs boson does not exist, and if we conduct repeated measurements of its
signal strength, then the median value of the measured 95% CL upper limit on the signal
strength for a given value of my will be given by the point on the dotted line at that
value of my. The green band tells us that 68% of these repeated measurements will
result in an upper limit that falls inside this band. Similarly, the yellow band tells us
that 95% of these measurements will result in an upper limit that falls within the yellow
bounds. The solid black line shows the observed upper limit on the signal strength for
a given experiment. It goes above the median expectation when the data is in excess of
the background prediction. Similarly, it falls below the median expectation when there
is a deficit of events in data compared to the expected background. In general, we do
expect the observed upper limit to fluctuate around the median expectation, and the
yellow/green bands give us an indication of how statistically significant this fluctuation
is. Wherever the observed upper limit falls below unity we can claim that the signal, if
it at all exists, is weaker than the SM prediction at 95% CL. In other words the Higgs
boson as predicted by the SM stands excluded in this region. In Fig. 3.6 we see that the
SM Higgs boson is excluded in the mass range of 135-225 GeV and 290-490 GeV. We
should keep in mind that this observed exclusion is specific to the given measurement. In

other words, the excluded mass range may change if we were to repeat the experiment.
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Figure 3.6 An illustration of the exclusion curve for the SM Higgs boson.
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Chapter 4

Higgs Boson Search in the
H— ZZ — 2{2v Channel

4.1 Motivation

To motivate the SM Higgs boson search in the H — ZZ — 2¢2v channel, let us
look back at the status of the CMS Higgs program at the beginning of 2010 when the
LHC started its physics run at /s = 7 TeV. While the SM Higgs boson was expected
to be lighter than 200 GeV (Sec. 1.2.3), there was a lack of any direct experimental
evidence to indicate where the Higgs boson mass would be between 114 GeV (the lower
limit set by LEP) to about 700 GeV (the upper limit set by the unitarity requirement).
Tevatron had excluded a sliver of my € [158,175] GeV in this region but otherwise the
entire mass range was open to investigation.

We saw in Sec. 1.3.4 that several decay modes are accessible for my < 150 GeV
but at higher masses the Higgs boson decays almost entirely to a pair of weak bosons.
At the time, the Higgs boson searches in the high mass region were based exclusively
on the H— WHtW~ — (*ul~v and H — ZZ — 4/ final states (where ¢ = e, ). These
canonical channels do provide high performance but as the Higgs boson becomes heavier,
their signal yield starts drying up and the search sensitivity degrades.

If we consider the H — ZZ — 4/ channel, we see that only 0.5% of all H - ZZ
events end up in the 4/ final state. Thus if we were to depend on the 4¢ channel alone,

we would be blind to more than 99% of the H — ZZ decays. In order to explore the
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possibility of exploiting some of this untapped reserve of Higgs signal let us look at the
various possible final states that a pair of Z bosons may decay into. These are listed
in increasing order of their branching ratios in Tab. 4.1. We see that the ZZ — 4q
final state constitutes nearly half of all the ZZ decays. This final state produces four
jets in the event. The QCD background in this case is too large to even contemplate
triggering on these events. If triggered upon, the enormous background would render
the final state almost useless in terms of sensitivity. The same reasoning also eliminates
the H — ZZ — 212q channel from contention thus taking away a further 28% of the
Z 7 decays. In fact we could argue that the only final states which could potentially be
useful are those in which one of the two Z bosons decays to a pair of electrons or muons
(Z — 2¢). Owing to the presence of two high pr, isolated leptons these events would
have negligible QCD background. In fact the largest background here would comprise
of Z + X events in which the Z boson decays leptonically. We could then attempt to

curtail this background by imposing strict selection requirements on X.

Table 4.1 Table of various possible ZZ final states along with their branching ratios
(BR). Here ¢ = e, and g = u,d, ¢, s,b

ZZ — Af final state | ZZ — 4f BR (%)
27 — 44 0.5
27 — 202t 0.5
27 — 202t 1.4
27 — 202v 2.8
27 — 4v 4.0
727 — 212 4.6
27 — 202 9.2
27 — 2v2q 28
77 - 4q 49

With this hope, feasibility studies were conducted in 2010 on the H — ZZ —
202v, H — ZZ — 202q and H — ZZ — 2027 channels. The results of these studies
are summarized in Fig. 4.1 which shows the projections of the expected upper limits at
95% CL on the SM Higgs boson signal strength for 5 fb~! of integrated luminosity at
Vs =7 TeV. For my > 200 GeV, the expected upper limits from the H - ZZ — 202v
and H — ZZ — 2¢2b channels have also been included. We see that H —» ZZ — 202v

is actually the most sensitive decay mode for Higgs boson masses larger than 300 GeV.
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Figure 4.1 Projections for the expected upper limits at 95% CL on the SM Higgs boson
signal strength for various search channels. An integrated luminosity of 5 fb~! is assumed
at /s =7 TeV. The H — ZZ — 2(2v channel is shown by the blue curve while the
combination of all the channels.

4.2 Signal and Background Description

When a heavy Higgs boson (my ~ 250 GeV or higher) decays to a pair of Zs,
they are typically produced with a large transverse momentum. In the H - ZZ — 202v
channel, one of the Z bosons decays to a pair of neutrinos which cause a large E{,?iss in
the event. The other Z boson decays into a pair of high pr, isolated, opposite-charged
leptons (eTe™ or u* ™). Since the Z bosons are produced on mass shell, the invariant
mass of the lepton pair is expected to be consistent with the Z peak. Fig. 4.2 shows a
schematic display of one such event. Given this event topology there are several physics
processes that can pose as background to the Higgs signal. The largest background
comprises of Z+jets events in which the Z boson decays leptonically and a fake E%iss is
generated in the event due to the mismeasurement of jets. Another source of background
consists of fully leptonic t¢ and tW decays (t¢ — 202v2b and tW — 2(2vb) which also
produce high pp, isolated leptons, and neutrinos in the final state. The electroweak
diboson processes (WW — 202v, WZ — 3lv, and ZZ — 202v) further contribute to
the background. Some other processes such W+jets events in which the W boson decays

leptonically and one of the jets is misidentified as a lepton, may also contribute but their
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impact is quite negligible. Table 4.2 lists the cross-section times branching ratio of the

signal and background processes that are relevant to this analysis.

m(ute) = 89 GeV
p;: 206 GeV

MET : 291 GeV

Figure 4.2 Display of an event with H — ZZ — 2¢2v characteristics.

Table 4.2 The values of cross-section times branching ratio listed for all the relevant
physics processes in the H - ZZ — 202v analysis at /s = 7 TeV.

Process ox BR (pb) Pert. Order
gg — H(250 — 600 GeV) — ZZ — 2021 | 2.4 x 1073 — 2.7 x 10~2 | NNLO + NNLL
qq — H(250 — 600 GeV) — ZZ — 202v | 53 x 107* — 4.4 x 1073 | NLO

Z+X =2+ X 2032 NNLO

tt — 20202 11.5 NLO + NNLL
tW — 202vb 1.08 NLO

WW — 202v 3.19 NLO

WZ — 3lv 0.579 NLO

qq — Z7Z — 202v 0.119 LO
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4.3 Event Simulation and Reweighting

Several Monte Carlo event generators are used to simulate the signal and back-
ground processes that are relevant to this analysis. The signal events and the top-quark
background (both ¢t and tW) are generated using the POWHEG 2.0 event generator
while the Z+jets background and the diboson processes (WW, W Z and ZZ) are gen-
erated with the MadGraph 5.1.3 generator. These events are then propagated through
the PYTHIA 6.4.22 generator to simulate parton showering and hadronization. Some
alternate samples are produced using PYTHIA for the diboson processes in order to
evaluate certain systematic uncertainties.

While the gluon fusion production cross-section of the signal is available at
NNLO+NNLL, the POWHEG generator is able to simulate the Higgs boson kinematics
only up to NLO. Higher order corrections modify the Higgs boson pr distribution which
in turn affects the Z boson pr and the Ejr?iss distributions. Hence signal events are
reweighted to correct for the Higgs boson pr shape at NNLO-+NNLL.

As we will see later, the electroweak ZZ — 2£2v process is left as one of the main
backgrounds after the analysis selection. The estimate for this background is obtained
from simulation, and so it is essential to model the process as accurately as possible. A
differential NLO k-factor has been derived for the q¢ — ZZ cross-section as a function
of the pr of the Z boson using the MCFM program [162]. This k-factor can be expressed

by the following relation

knpo = 111+ 242 x 107 x pr, +1.66 x 107 x p7,, (4-1)

This k-factor is applied as an event-by-event weight to the q¢ — ZZ simulation
to account for the NLO corrections (the pr of the dilepton candidate is taken as pr,).
A small contribution to the ZZ background comes from the g9 — ZZ background
which is not simulated by MadGraph. This process has ~ 12% of the LO q¢ — ZZ
cross-section [163]. A corresponding correction is applied to the ZZ background yield.

To emulate the impact of pileup, minimum bias interactions are added to every
event in the simulated samples. In order to match the simulation to the observed pileup

conditions, the Monte Carlo samples are reweighted so that the distribution of the
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expected pileup matches with data. To illustrate the effect of this reweighting Fig. 4.3
shows a comparson between the primary vertex multiplicity distributions of Z — pu+pu~

events in simulation and data, before and after reweighting.
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Figure 4.3 Primary vertex multiplicity distributions of Z — u™ ™ events from data and
simulation before (left) and after (right) pileup reweighting.

4.4 Selection of Dilepton Events

This analysis is geared towards identifying events in which a dilepton candidate
consistent with a Z boson is found along with a large E;‘}iss. The essential highlights of
the event selection are mentioned below to give a sense of how the Higgs boson signal
is sought to be isolated from the background. The remainder of this section describes

this event selection in greater detail.

e Events are required to contain two well-identified, isolated, high pr leptons of the

same flavor but with opposite charge.

e The invariant mass of the dilepton candidate should be consistent with the Z

boson.
e Events containing a b-tagged jet are vetoed to suppress the top-quark background.

e Events with a third well-identified, isolated lepton are vetoed to suppress the W Z

background
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e A large amount of EITniss is required in the event to reduce the Z+jets background

to manageable levels.

e Finally, a transverse mass variable is used to isolate the signal from the remaining

background

4.4.1 Triggers

Since we seek a pair of high pr electrons or muons in the final state, events
that fire the dielectron or dimuon triggers suit our needs perfectly. The dielectron
triggers have a threshold of 17 and 8 GeV on the pr of the leading and subleading
electrons respectively. Certain isolation and identification requirements are imposed
on the electron candidates to keep the trigger rate under control. In the case of the
dimuon triggers, the pp thresholds on the muon legs have been increased progressively
from 7 GeV per muon candidate to 17 and 8 GeV on the leading and subleading muon
candidates to combat the increasing instantaneous luminosity delivered by the LHC
during the 2011 data-taking period. Single muon triggers with pr thresholds varying
between 17 and 24 GeV are also used in the analysis to complement the dimuon triggers.

These manage to recover ~ 5% signal events that are missed by the dimuon triggers.

4.4.2 Lepton Selection

The lepton candidates in the analysis are required to pass certain identification
and isolation requirements to suppress jet induced backgrounds. The muons are required
to be reconstructed by both the global and tracker muons algorithms (see Sec. 2.3.2).
They are required to pass certain identification requirements based on the number of hits
in the tracker and the muon chamber, and the quality of the reconstructed muon track.
Since the Z boson decays promptly the longitudinal and transverse impact parameters
of the tracks are required to be consistent with the highest weighted primary vertex (see
the end of Sec. 2.3.1). Finally, the isolation sum in a cone of AR = \/m =0.3
around the muon direction is required to be smaller 15% of the muon pr. The isolation
sum is computed by taking the  pp of the tracks in the isolation cone (excluding the
muon track) and adding it to the > Ep of the energy deposits in the ECAL and HCAL.

A p-correction (see Sec. 2.3.8) is applied to the isolation sum to account for the pileup
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contamination. The exact details of all the selection requirements are listed in Tab. 4.3.

Table 4.3 Muon Selection Requirements

Cut Variable Cut Value
n] <24
Hits in Muon Chamber >=1
Matching muon stations >=2
Tracker Hits > 10
Pixel Hits >=1

x? of the global track fit < 10
o(pr)/pr <0.1
Combined Relative Isolation (AR =0.3) | < 0.15
Transverse Impact Parameter < 0.02 cm
Longitudinal Impact Parameter < 0.1 cm

The electron candidates are subjected to similar isolation and impact parameter
requirements as muons. In addition certain identification requirements are imposed
based on the lateral shape of the ECAL supercluster (denoted by the oy, variable)
and the An, A¢ matching between the direction of the electron track and position of
the ECAL supercluster. Furthermore, the hadronic energy behind the supercluster is
required to be small compared to the supercluster energy (this is denoted by the H/FE
ratio). Electrons that end up in the transition region between the ECAL barrel and
endcap (1.4442 < |n| < 1.566) have a significant likelihood of being mismeasured, and
hence are vetoed. In order to reject electrons produced from photon conversions the
electron tracks are required to have no missing hits in the inner tracker layers. Also,
electron candidates are vetoed if a collinear partner track is found. The details of
electron selection are listed in Tab. 4.4.

Table 4.4 Electron Selection Requirements

Cut Variable Cut Value (Barrel) | Cut Value (Endcap)
[n| of supercluster < 1.4442 1.566 < |n] < 2.5
Tinin < 0.01 < 0.03

A < 0.06 < 0.03

An < 0.004 < 0.007
H/E < 0.04 < 0.1
Combined Relative Isolation (AR =0.3) | <0.1 <0.1
Transverse Impact Parameter < 0.02 cm < 0.02 cm
Longitudinal Impact Parameter < 0.1 cm < 0.1 cm
Transverse distance to partner track > 0.02 > 0.02
Acoté of partner track > 0.02 > 0.02
number of missing hits 0 0
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4.4.3 Z Candidate Selection and Extra Lepton Veto

Z boson candidates are reconstructed in events with a pair of oppositely charged
leptons of the same flavor, which pass the identification and isolation criteria listed
above. The leptons are required to have pr > 20 GeV to be able to efficiently pass the
trigger requirements. The invariant mass of the Z candidates is required to lie in a 15
GeV window around the nominal Z peak at 91.186 GeV. In order to suppress the W2
background, events are required to have no additional electron or muon, with pr > 10
GeV that passes the selection requirements. Figure 4.4 shows the Z mass peak observed
in data in the electron and muon channels. A slight disagreement is visible in the Z
boson line-shape between data and simulation particularly in the electron channel. It can
be attributed to a systematic difference in the electron momentum scale and resolution.
Since this analysis is not very sensitive to the Higgs boson mass, we do not attempt to

correct this difference.
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Figure 4.4 Z mass peak in the muon (left) and electron (right) channels with 4.6 fb~*
of data compared to the Z+jets simulation.

4.4.4 B Jet and Soft Muon Veto

At this stage of the analysis we are almost entirely dominated by the Z+jets
background. The relative contribution from other sources is negligible. However, as we
start requiring a large E?iss in the event, the Z+jets background falls off quite quickly

and other backgrounds start becoming visible. The largest background after Z4jets
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comes from top quark decays. A key distinguishing feature of these events is that they
contain of a b quark. Therefore to suppress this background we veto events in which a
b-tagged jet is identified. The Track Counting High Efficiency algorithm (see Sec. 2.3.6)
is used for tagging b jets, and if the algorithm returns a value greater than 2.0 for any
jet with pr > 30 GeV the event is discarded.

In order to identify b quarks which decay leptonically, we look for the presence

‘soft muons’ in the event which satisfy the following criteria
e pr >3 GeV
e Reconstructed as a tracker muon,
e Number of hits in the tracker > 10,

e Certain geometric matching requirements are met between the outermost muon

segments and the extrapolated tracker track
e Transverse impact parameter < 0.2 cm,
e Longtudinal impact parameter < 0.2 cm,
e If pr > 20 GeV, isolation sum < 0.1 X pp.

Any event containing a soft muon is vetoed.

4.5 Scale Factors For Simulated Dilepton Events

Dilepton events in simulation need to be rescaled to account for differences in
lepton selection efficiencies when compared to data. Also, no trigger requirements are
imposed on the simulated events. Therefore, an additional rescaling has to be done to
account for possible trigger inefficiency.

Efficiency measurements, in general, are performed using the ‘tag-and-probe’
technique. Let us look at this procedure in the context of measuring the lepton selection
efficiency. We start with a tag lepton in a given event that passes all our selection
requirements. It is then paired with a probe in that event which corresponds to the

denominator of our efficiency measurement. We can group the tag-and-probe pairs into
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two categories. The ‘pass’ category consists of probes that pass the lepton selection
while the ‘fail’ category corresponds to the probes that fail the selection. We can fit
the tag-and-probe mass distribution in each category to a model of a Z boson peak
sitting on top of a background with polynomial shape. The yield of Z events can be
extracted from the fit in both the categories. The efficiency is then obtained by taking
the ratio Nz(pass)/[Nz(pass) + Nz(fail)]. We can measure the efficiency in different n
and pr bins by restricting the probe leptons accordingly. The efficiency measurement is
performed in both data and simulation and the ratio of these efficiencies is applied as a
scale factor per lepton to every event in simulation. The scale factor for muons is found
to be consistent with unity within 1%. Hence the dimuon events in simulation are not
rescaled. The data-to-simulation scale factors for electrons are shown in table 4.5.

Table 4.5 Data-to-simulation scale factors for the electron selection. Uncertainties are
purely statistcal.

pr (GeV) Barrel Endcap

20-30 0.969 £+ 0.003 | 0.988 £ 0.005
3040 0.988 + 0.001 | 0.989 + 0.005
40-50 0.985 £ 0.001 | 0.999 £+ 0.001
> 50 0.982 £ 0.002 | 0.997 + 0.002

We also need to rescale the simulation with the trigger efficiency that is measured
in data. In measuring the trigger efficiency we want to determine the fraction of dilepton
events with both leptons passing the analysis selection, that also fire the trigger. The
trigger efficiency for the dielectron trigger is found to be consistent with unity. In the
muon channel, we use both single and dimuon triggers. Their combined efficiency is

computed using the following relation

e(pr1, m, pr2, m2) = ep(pr1, m)ep(pr2, M2)
= + es(pra, m2)(1 —ep(pr1, m)) (4.2)
= +es(pr1, m)(1 —ep(pra, m2))
where ep(pr, 1) is the per leg efficiency of the dimuon triggers while eg(pr, 1) is the
single lepton trigger efficiency, both computed as a function of pr and n. They are listed

in tables 4.6 and 4.7 respectively.
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pr (GeV) In] < 0.8 08<|n<12|12<|n<21|21<|n <24

20 - 30 0.977 £0.002 | 0.962 +0.005 | 0.954 +£0.004 | 0.872 +£ 0.001

30 - 40 0.977 £0.002 | 0.958 £0.005 | 0.956 £0.003 | 0.880 % 0.001

40 - 50 0.976 £ 0.003 | 0.958 £0.005 | 0.954 £0.004 | 0.889 + 0.001

> 50 0.976 +0.002 | 0.959 £0.004 | 0.949 £0.003 | 0.869 = 0.001

Table 4.7 Single muon trigger efficiency.

pr (GeV) | 0<|n <08 | 0.8<|n/ <12 | 12<|n <21 | 21<|n <24
20 - 30 0.6951 £ 0.0039 | 0.5887 £ 0.0060 | 0.5763 £ 0.0041 | 0.1533 £ 0.0070
30 - 40 0.8840 £ 0.0015 | 0.7962 4 0.0030 | 0.7877 £ 0.0023 | 0.2210 = 0.0055
40 - 50 0.8860 £ 0.0014 | 0.8060 £ 0.0025 | 0.8023 £ 0.0020 | 0.2295 £+ 0.0061
> 50 0.8795 £ 0.0025 | 0.8061 4 0.0046 | 0.8004 £ 0.0037 | 0.2269 = 0.0115

4.6 Event Selection Based On E}

In order to suppress the overwhelming Z+jets background in this analysis, a
requirement of large E%liss in the event is essential. Fig. 4.5 shows the distribution
of E{pniss in dilepton events passing the event selection that has been described so far.
We see that the Z4jets background drops sharply with increasing EITniSS. This is to
be expected since the Z+jets events do not contain any genuine E:I;ﬁss from escaping

neutrinos.
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Figure 4.5 EX distribution in dimuon (left) and dielectron (right) events.
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4.6.1 Dilepton p;y Threshold

We see a considerable discrepancy between data and Z+jets simulation in fig-
ure 4.5. The EIT’rliss distribution in data is broader compared to the Z+jets simulation.
This can be attributed to inaccurate modeling of pileup which can have a significant
impact on E{Fniss resolution. Therefore, the Z+jets simulation is found to be unsuitable
for use in the analysis. Instead, the Z+jets background is estimated from y+jets events
in data using a technique that is detailed in Sec. 4.7. One key aspect of this procedure is
that it depends on matching the pr spectrum of the photons with that of the Z bosons.
The single photon triggers used in data have a minimum threshold of 50 GeV. For the
v+jets approach to work, a similar threshold needs to be imposed on the pp of the
dilepton candidates. Hence, a requirement of py > 55 GeV is imposed on all dilepton
candidates used in the analysis. The Z bosons produced in the decay of a high mass
Higgs boson typically have a large pr as shown in Fig. 4.6. Therefore, this requirement
has negligible impact on overall performance.
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Figure 4.6 pr distribution of dimuon(left) and dielectron(right) candidates.

Fig. 4.7 shows the E?iss distribution in dilepton events from data in comparison
to the background expectation which now uses the ~+jets model. We find a much
improved agreement between data and the background prediction. Therefore from here

on, we use the v+jets sample in developing the analysis.



106

c;“\"?' 5 ‘"| in .’I\‘F‘:T‘T?V.' ‘T's.'.b-: -/ — Higgs (300 GeV) c:N!s‘p‘"’.'i""‘i”.a""’.‘"%ﬁey'.4[“‘".’4‘ —— Higgs (300 GeV)
: L Top ; I Top
al . ww 10°F . v
10 E I wz E B vz
r e zz
o F e zz
> r y+Jets (Data) > 3L
O] 1 03 E —s— Dimuon events (Data) [0) 10 E y+Jets (Data)
(D g = o E —a— Dielectron events (Data)
o L ] o i
= 102k 1 <= 10 ¢ =
~ 1 E 3 - E E
2] E 3 2] r ]
s | 1 € 1oL _
o E - o E E
> 10 E 3 > F 3
L E 3 L 7
1 - 1 E
1 0—1 | 1 OJl E|

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
MET [GeV] MET [GeV]
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4.6.2 Minimum Requirements On E¥ and A¢(EX, jet)

The bulk of the Z+jets background is removed by requiring a minimum of 70
GeV of E%iss in the event. The Z+jets background that survives this requirement
consists of events in which the jets have been significantly mismeasured leading to a
large momentum imbalance. In such events the E%ﬁss is often aligned along the jet
direction in ¢. Fig. 4.8 shows the azimuthal angular separation between E%iss and the
nearest jet with pr > 30 GeV. If no jet with pr > 30 GeV is found, the requirement is
lowered to 15 GeV.
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Figure 4.8 Distribution of A¢ between E%liss and the nearest jet observed in dimuon
(left) and dielectron (right) channels. The ER is required to be greater than 70 GeV
in these events.
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We see that events with a small A¢(E7“5ﬂss, jet) are largely dominated by the
Z+jets background. Hence, a requirement of A¢(EXSS jet) > 0.5 is imposed to further

reduce this background.

4.6.3 The Transverse Mass Mr

In order to discriminate the signal from the background events passing the se-
lection that we have discussed so far, a transverse mass is defined for the (dilepton +

Emiss) system as follows

) . - .
Mp? = (\/prec® + mu® + 1\ EFS” + mg?)? — (Pre + EP)? (4.3)

Two possible approaches of using the My variable to extract signal from the
observed events are considered. In one approach, the selection criteria for M7 and EJIE“SS
variables are optimized for different values of my and a counting analysis is performed.
In the other approach the shape of the My variable is used to perform a binned anal-
ysis. Table 4.8 lists the my-dependent requirements imposed on M7 and Er_,r?iss for the

counting and binned shape analyses.

Table 4.8 Higgs boson mass-dependent selection for Ejr?iss and My variables in the
counting and binned shape analyses.

mpy (GeV) \ 250 300 350 400 500 600
Cut-based analysis selection
ERss (GeV) > 70 > 79 > 95 > 115 > 150 > 161

My (GeV) | [222, 272] [264, 331] [298, 393] [327, 460] [382, 605] [452, 767
Shape-based analysis selection

Emiss (GeV) > 70 > 80 > 80 > 80 > 80 > 80
My (GeV) | [180, 300] [250, 350] [250, 400] [250, 450] [250, 600] [250, 750]

4.7 Background Estimation

The backgrounds in this analysis can be grouped into three types. In the first
category we have the Z-+jets background in which there is no genuine EznwliSS due to escap-
ing neutrinos. In the second category, we have processes such as tt, tW, WW, W +jets in
which there is no Z boson peak. These processes are collectively referred to as the non-

resonant backgrounds. The last category comprises of the WZ and ZZ backgrounds.
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The Z+jets and non-resonant backgrounds are estimated using data-driven techniques
that are described below, while the W Z and ZZ backgrounds are estimated from sim-

ulation.

4.7.1 Z+jets Background

The Z+jets background is modeled using ~+jets events from data. In both
of these processes, there are no neutrinos in the final state and so the E%liss is an
artifact of the detector response. Moreover, in both processes we expect the leptons and
photons to be well-measured and so the E%liss can be attributed to the mismeasurement
of the associated jets and pileup. The ~+jets events are collected from several single
photon triggers with varying prescales. The lowest pr threshold in these triggers is 50
GeV. Hence, the pp of the reconstructed photons is required to be larger than 55 GeV.
To ensure that the photons are well-measured the following selection requirements are

imposed on the photon candidates.

Table 4.9 Photon Selection

Variable Selection

pr > 55 GeV

|n| of supercluster < 1.4442

Matching Pixel Track Seed None

i 0.001 < Giyiyy < 0.013
Tigig > (0.001

H/E <0.05

Tracker Isolation Sum (AR =0.4) | < 2.0+ 0.001 X pr
ECAL Isolation Sum (AR =0.4) | <4.2+0.006 X pr
HCAL Isolation Sum (AR =0.4) | <2.240.0025 X pr

The strategy to estimate the Z+jets background is as follows. Dilepton events
are selected based on requirements detailed in Sec. 4.4. In addition the pr of the
dilepton candidates is required to be greater than 55 GeV. These events are dominated
by the Z+jets background. A similar selection (b-jet veto, soft muon veto) is applied
on the v+jets events. The two samples are made kinematically similar by reweighting
the vy+jets events such that the shapes of their pr and jet multiplicity distributions
match with those of the dilepton candidates. Since the prescales on the single photon
triggers have changed through the period of data taking to cope with the increasing

instantaneous luminosity, the y+jets sample does not accurately represent the pileup
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conditions corresponding to the dilepton sample which is collected from unprescaled
triggers. In order to account for this difference the y+jets events are further reweighted
such that their vertex multiplicity distribution matches with that of dilepton events.
Finally, the yield of the y+jets events is renormalized to match the number of dilepton
events.

The reweighted pr, jet multiplicity and vertex multiplicity distributions of y+jets
events are shown in comparison to the dilepton events in Fig. 4.9, 4.10 and 4.11 respec-
tively. This reweighted ~v+jets sample can now be used instead of simulation in order
to estimate the Z+jets background. As we saw in Fig. 4.7, the E{pniss distribution of the

reweighted y+jets events agrees extremely well with that of the dilepton events.
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Figure 4.9 pr distribution of dilepton events and reweighted single photon events.
Dimuon channel is shown on the left and and the dielectron channel is shown on the
right.

The My variable that we use in the analysis depends on the invariant mass of
the dilepton candidate. Therefore, an artificial mass is assigned to the photon in each
event by sampling from a probability distribution obtained from fitting to the observed
Z — 0¢ line shape.

At high values of E%liss, the y+jets control sample is contaminated by processes
in which a photon is produced in association with neutrinos. These processes include
Z(vv) 4+, W(lv) + v and W (fv)+ jets in which a jet is mismeasured as a photon. In
order suppress this contamination, we require at least one jet in every y+jets event with

pr > 15 GeV. This requirement largely removes events in which there is no hadronic
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Figure 4.10 Jet Multiplicity in dilepton events and reweighted single photon events.
Dimuon channel is shown on the left and the dielectron channel is shown on the right.
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Figure 4.11 Distribution of number of vertices in dilepton events and reweighted single
photon events. Dimuon channel is shown on the left and the dielectron channel is shown
on the right.

recoil against the photon, which is typical of events with genuine Ejl?iss. However, this
contamination cannot be completely eliminated, and so the estimate from the ~+jets
control sample is considered only as an upper bound on the Z+jets background. To
take this into account, we take half of the v+jets estimate as the nominal prediction for
the Z+jets background and assign 100% uncertainty to this estimate thereby allowing

the background to vary between 0 and the y+jets estimate in the fit.
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4.7.2 Non-resonant Background

The non-resonant background contribution can be attributed to processes such
as tt, tW, WW, W+jets. A characteristic feature of these processes is that they produce
the e* 1T and the eTe™, ut ™ final states in equal measure. Hence, we use events with
eT /T pairs as a control sample to estimate this background. The events in the control
sample are subjected to the same selection criteria as those imposed in the analysis. The
et T events that survive the analysis requirements are then scaled using the following
relation to evaluate the background estimate

Nee = e x Ng, (4.4)
Nuyw = op X Ney

The scale factors a. and o, are computed by taking the ratio of the number of

ete™ or uT ™ events to the number of e* 1 events in the sidebands (SB) of the Z mass

peak in the region [40, 70] GeV and [110, 200] GeV.

e = Ne'S;B/NSuB (4 5)
oy = N,ff/Ngff

The events in the sidebands are selected by requiring a b-tagged jet and Er_,”}iss > 70 GeV
in order to suppress the Z — £¢ contribution.

This technique is tested on the non-resonant backgrounds in simulation and
its predictions are found to be in good agreement with the actual yields, as can be
seen in table 4.10. The procedure is then exercised in data and the « parameters
are found to be o, = 0.58 & 0.02 and a, = 0.42 £ 0.02. Table 4.11 lists the non-
resonant background yields evaluated in data for several mp-dependent selections. In
the binned shape analysis, the My shape of the ey events is used to model the non-
resonant background. A smoothing procedure [164] is employed in order to smear out
the statistical bumps in the M7 distribution due to the limited size of the ey control
sample.

At this point a subtle aspect of our signal needs to be elucidated. While we
expect the bulk of our signal events to come from H — ZZ — 2/2v decays, there is

some ‘non-resonant’ signal contribution which comes from H — WW — 2(2v events in
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which the dilepton invariant mass is consistent with the Z mass window of the analysis.
If the Higgs boson signal were to exist, this non-resonant signal contribution would
also contribute to the ey control sample and hence will be evaluated as a part of the
background. Therefore, the H — WW — 2(2v events are not considered as a part of

our signal and the analysis is restricted exclusively to the H - ZZ — 2£2v decays.

Table 4.10 Comparison in simulation between the true yields of non-resonant back-
grounds and the predictions from the eu control sample. Each row corresponds to the
event selection used in the counting analysis for a given value of my. An integrated
luminosity of 4.6 fb~! is assumed in normalizing the yields. The quoted uncertainties
are purely statistical.

my Predicted Actual Predicted Actual
(GeV) | Yields (up) | Yields (pup) | Yields (ee) | Yields (ee)
250 35.4+0.7 36.3+0.9 25.0£0.5 | 26.7+0.8
300 9.19+0.34 | 9.77+£0.47 | 6.44+0.24 | 6.66 = 0.39
350 2.15+0.16 | 2.14+0.22 | 1.5£0.1 1.65+0.19
400 0.58£0.08 | 0.58£0.13 | 0.41 +0.06 | 0.62 &+ 0.12

Table 4.11 Non-resonant background yield measured in data. Fach row corresponds to
the event selection used in the counting analysis for a given value of my. Statistical

uncertainties are quoted.

mpg (GeV) | Yields (up) | Yields (ee)
250 377+£47 | 213+£34
300 104 £2.5 | 7.56 £1.78
350 1.16 £0.82 | 0.84 £0.59
400 0 0
500 0 0
600 0 0

4.8 Systematic Uncertainties

4.8.1 Normalization Uncertainties

The signal and background yields have several sources of systematic uncertainty.
In the case of the signal, the uncertainties on the production cross-section evaluated
by varying the QCD scales and the PDF sets are documented in [103,104]. A sim-
ilar procedure is also employed on the simulation-driven WZ and ZZ backgrounds
revealing ~ 10% uncertainties on their cross-sections.

The signal events used in the analysis are generated using an approximation in
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which a Breit-Wigner line-shape is assigned to the Higgs boson decay such that the
peak of the Breit-Wigner sits at the putative value of the Higgs boson mass (my) and
the width of the Breit-Wigner is set equal to the total decay width of the Higgs boson
at my. However, we discussed in Sec. 1.3.5 that this Breit-Wigner approximation is
only valid when the width is much smaller than my, and a more accurate description is
provided by the Complex Pole Scheme. To account for this mismodeling of the Higgs
boson line-shape in simulation an uncertainty of 10-30% is assigned for myg > 400 GeV.

As discussed in Sec. 4.5 events in simulation have to be rescaled to account
for differences in trigger and lepton selection efficiencies with respect to data. The
uncertainty on account of these scale factors is estimated to be less than 2%. We
saw in Fig. 4.4 that there is a discrepancy in the Z boson line-shape between data
and simulation which can be attributed to the differences in modeling of the lepton
momentum scale and resolution. To account for this difference, uncertainties of 2% and
5% are assigned to the events yields derived from simulation in the muon and electron
channels respectively. While we do not use jets explicitly in the analysis, the b-jet veto
and Aczﬁ(E%‘iSS, jet) selection are dependent on jets. The corresponding uncertainties
due to jet energy scale and b-jet veto efficiency mismatch between data and simulation
are found to be ~ 1%. The signal and WZ/ZZ yields are normalized according to the
measured value of the integrated luminosity of data. The uncertainty on this luminosity
measurement is found be 4.5% [165].

The estimate of the Z+jets background has a large uncertainty of 100% due to
the fact that the y+jets control sample is contaminated with events with genuine E}mss,
as described in Sec. 4.7.1. In the case of the non-resonant backgrounds, the estimated
event yield has a significant statistical uncertainty owing to the limited number of events
in the ey control sample, as shown in table 4.11. In fact, the control sample runs out of
events for selections at higher values of my (400 GeV and beyond). In order to model
the statistical uncertainty on backgrounds estimated using sparse control samples, the
gamma function is found to be more suitable in comparison to the log-normal function
that was discussed in Sec. 3.4.1. The form of the gamma function is given below

B 1n/a®

pln) = ——5, e /e (4.6)
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Here, n is the background yield, a corresponds to the . and o, parameters and IV stands
for the number of ep events in the control sample that pass the analysis selection.

All the normalization uncertainties used in the analysis are summarized in ta-
ble 4.12.

Table 4.12 Summary of all the systematic uncertainties on event yields.

Source Uncertainty [%]
Luminosity 4.5

PDF for Higgs production (gluon fusion) 8.2-10.4

PDF for Higgs production (VBF) 3.8-7.6

PDF for qq — ZZ 4.8

PDF for qq - WZ 5.5

QCD scale for Higgs production (gluon fusion) 7.6-11.1

QCD scale for Higgs production (VBF) 0.4-2

QCD scale for g9 -+ ZZ 20

QCD scale for q¢ — ZZ 6.2

QCD scale for qq —» WZ 8.5

Higgs boson line shape 10-30
Trigger 1 (for ee), 2 (for ppu)
Lepton identification and isolation 2

Lepton momentum scale 5 (for ee), 2 (for pu)
Jet energy scale 1-1.5

b jet Veto 1-1.2
Pile-up 1-3
Non-resonant background 15-100
Z+jets 100

4.8.2 Shape Uncertainties

In the shape-based analysis certain shape uncertainties are assigned to various
processes in addition to the normalization uncertainties. These shape uncertainties are
propagated using two alternate shapes with respect to the nominal Mt shape for a given
process (see the end of Sec. 3.4.2).

The uncertainty on the My distributions arising from the limited number of
events in the bins is taken into account by scaling all the bins up and down by their
respective statistical uncertainties. In the case of the ZZ and W Z backgrounds, al-
ternate shapes are derived from PYTHIA-generated samples to account for possible
mismodeling in the MadGraph generator from which the nominal shape is obtained.
The uncertainty on the My shape of the non-resonant backgrounds is taken into ac-
count by using alternate shapes from simulation. In the case of signal, alternate shapes

are obtained by varying the renormalization and factorization scales by a factor two.
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shown in Fig. 4.12.
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the WZ and ZZ backgrounds are

—Central

260

280

300

320 340
M, [GeV/c?]

Figure 4.12 Nominal and alternate shapes are shown for the WZ background in the
dimuon channel (left) and the ZZ background in the dielectron channel(right). The
nominal shape is derived from the MadGraph generator. The 1o ‘up’ shapes are derived
from the PYTHIA generator while the 1o ‘up’ shapes are obtained by mirroring the
difference between the nominal and up shapes.

4.9 Results

The analysis has been performed using the entire 2011 dataset which corresponds

to an integrated luminosity of 4.6 fb~! at /s = 7 TeV. The event yields for the cut-based

analysis are listed in Tab. 4.13 for several values of my. The My distributions for the

shape-based analysis based on the selections described in table 4.8 for my = 300 and

400 GeV hypotheses are shown in Fig. 4.13.
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Figure 4.13 The My distribution for events passing mp selections for 300 GeV (left)
and 400 GeV (right). The dielectron and dimuon channels are combined.

No significant excess of events is observed over the background expectation, and
so limits are set on the signal strength of the SM Higgs boson as a function of my.
Fig. 4.14 shows the median expected and observed 95% CL upper limits on p = o/osm
obtained using the CLg approach. For the cut-based analysis the SM Higgs boson is
excluded in the mass range 310-465 GeV at 95% CL, while the expected exclusion limit
in the background-only hypothesis is 305-470 GeV. For the shape-based analysis the SM
Higgs boson is excluded in the mass range 270-440 GeV at 95% CL while the expected

exclusion limit for the background-only hypothesis is 290490 GeV.

4.10 Concluding Remarks

We have seen in this chapter how the H — ZZ — 2/2v contributed to the search
of the SM Higgs boson in the high mass range of 250-600 GeV during the 2011 data-
taking period. The H — ZZ — 202y channel was able to exclude on its own the SM
Higgs boson in the mass range of 270-440 GeV at 95% CL. These results led to a CMS
publication [166], one of the first Higgs boson search papers published with the 7 TeV
data collected in 2011.

When all the Higgs boson decay modes were statistically combined [157], the
exclusion region was enlarged to 127-600 GeV at 95% CL as shown in Fig. 4.15. There-

fore, the Higgs boson was ruled out from almost the entire landscape of my except for
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Figure 4.14 The 95% CL upper limit on the signal strength p as a function of the Higgs
boson mass myy for the cut-based (top) and shape-based (bottom) analyses.

a curious excess that was seen around 125 GeV. We will see in the next chapter that it
is this excess which eventually turned into the Higgs boson discovery.

Chapter 4, in full, is the reprint of the material as it appears in “Search for the
standard model Higgs boson decaying in the H — ZZ — 2£2v channel in pp collisions at
Vs =7 TeV” by CMS Collaboration, JHEP 1203 (2012) 040. The dissertation author

was the primary investigator and author of this paper.
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Figure 4.15 The combined 95% CL upper limit on the signal strength, as a function of
the SM Higgs boson mass in the range 110-600 GeV



Chapter 5

Higgs Boson Discovery in the
H— ZZ — 4/ Channel

The H — ZZ — 4¢ channel has played a central role in the discovery of the
Higgs boson and the measurement of its properties. This channel is often referred to
as the gold-plated channel for the study of the Higgs boson. This can be attributed
to the fact that it is the cleanest of all the Higgs boson decay modes i.e. it has the
largest signal-to-background ratio of all the Higgs channels. The 4/ final state is fully
reconstructible unlike say the H — ZZ — 2/2v channel is which we only have partial
information about the neutrino momenta. Since we can measure the electron and muon
momentum very precisely in the detector, the H — ZZ — 4¢ channel has an extremely
high mass resolution. Furthermore, the four-lepton final state provides an extremely
fertile ground for exploring the spin/parity character of the Higgs boson.

In this chapter we will focus on the search analysis which establishes the existence
of a new resonance in the 4/ final state. As we saw in chapter 4, the SM Higgs boson
had been excluded between 127-600 GeV by the end of 2011 by combining all the Higgs
searches performed using 7 TeV data. But some excess was seen building up close to
myg = 126 GeV. We will see how this hint of an excess transforms into a conclusive
discovery with the addition of ~ 20 fb~! of data at /s = 8 TeV. While the main focus
is on the low mass region, the analysis is performed in the range my € [110,1000] GeV
in order to test the consistency of data with the standard model prediction right up to

1 TeV.

120
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5.1 Signal and Background Description

The H - ZZ — 4{ search can be broadly categorized into two Higgs boson
mass ranges. For my > 180 GeV, the Higgs boson decays into two Z bosons that are
produced on mass shell. The subsequent decays of the Z bosons result in four high
pr, isolated leptons in the event. However, if my is less than 180 GeV, one or both of
the Z bosons get produced off mass shell. As mp decreases, the pr distribution of the
lowest pr lepton becomes softer. Fig. 5.1 shows the pp distribution of the four leptons
produced in the decay of a 126 GeV Higgs boson. We can see that in a large fraction
of events the lowest pr lepton has transverse momentum less than 10 GeV. This means
that the lepton selection that we employ in this analysis, must be loose enough to pick
up these soft leptons as efficiently as possible . This is a very important concern for the

4¢ channel because the branching ratio of ZZ — 4/ is quite small to begin with.
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Figure 5.1 Transverse momentum distributions of the four leptons produced in the decay
of a 126 GeV Higgs boson. The leptons are sorted by pr.

A great asset of the H — ZZ — 4/ channel is that its background is quite small.
The most dominant background in this final state is the electroweak production of ZZ or
Z~* bosons which further decay to four leptons. For brevity, the combination of the ZZ

and Z~* processes will be from here onwards referred to as simply the ZZ background.
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Given the presence of one or two low pr leptons in a 4¢ event particularly for a
Higgs boson with small myy, there is also some contribution from ‘reducible background’
sources. These include Z+jets events in which two jets are mismeasured as leptons,
or tt — 202v2b decays in which the two b quarks decay leptonically, or WZ — 3/v
events in which an additional jet gets mismeasured as the fourth lepton. But overall,
the requirement of four prompt and isolated leptons reduces these reducible background
contributions to levels that are subdominant to the ‘irreducible’ ZZ process. Table 5.1
lists the cross-section times branching ratio of the signal and background processes that

are relevant to this analysis.

Table 5.1 The values of cross-section times branching ratio listed for all the relevant
physics processes in the H — ZZ — 4/ analysis at /s = 7 and 8 TeV.

Process ox BR (pb) ox BR (pb) Pert.
7 TeV 8 TeV Order
gg — H(110-1000 GeV) — ZZ — 4£ | [0.03 — 6] x 1073 [0.05 — 8] x 10~° | NNLO + NNLL
qq — H(110-1000 GeV) — ZZ — 4£ | [0.02 — 0.7] x 1072 | [0.04 — 1] x 1073 | NLO
qq — ZZ — 4e(4p) 66 x 1073 77 x 1073 NLO
qq — Z7Z — 2e2p 152 x 1073 177 x 1073 NLO
99 — ZZ — de(4p) 1.7x1073 4.8 x 1073 NLO
99 — 27 — 2e2u 3.5x 1073 12 x 1073 NLO
Z4+ X =20+ X (mge > 50 GeV) 2032 2336 NNLO
tt — 20202b 11.5 15.76 NLO 4 NNLL
WZ — 3v 0.579 0.705 NLO

5.2 Event Simulation and Reweighting

The signal simulation used in the analysis has been produced by using a combi-
nation of the POWHEG and JHUGEN [167,168] generators. The POWHEG generator
is used to simulate the production of the Higgs boson at NLO while the decay of the
Higgs boson to four leptons is handled by JHUGEN which correctly takes into account
interference effects in the 4e and 4u final states associated with the exchange of identical
leptons. The signal line-shape for my > 400 GeV has been modeled using the complex
pole scheme (see Sec. 1.3.5).

The q¢ — ZZ background has been simulated using the POWHEG generator
while the gg — ZZ background has been simulated with the GG2ZZ generator [163].
The Z+jets and W Z processes have been produced using the MadGraph generator while

the tt background has been produced with the POWHEG generator.
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The LO generators use the CTEQ6L set of PDFs while the NLO simulations
are produced using the CT10 PDF set. The simulated events for all the signal and
background processes are fed into PYTHIA for parton-showering. The underlying event
is simulated in PYTHIA using the Z2 and Z2star tunes for 7 and 8 TeV samples respec-
tively. Minimum bias interactions are added to every simulated event to emulate the
effect of pileup as discussed in Sec. 4.3. The simulation is then reweighted to match the

pileup profile observed in data.

5.3 Event Selection

The H - ZZ — 4/ analysis is performed in three final state configurations,
namely — 4, 4e and 2e2p. The essential highlights of the procedure to select 4¢ candidate

events are as follows.

e Events are required to have four muons (u™pu~ptp™), or four electrons (eTe~ete™),
or a pair of muons and a pair of electrons u"pu~eTe™, that pass certain selection

requirements.

e The lepton candidates are required to be prompt, isolated and well-identified.
Muons are required to have pr > 5 GeV while the electrons have a pr threshold

of 7 GeV.

e 7 boson candidates are constructed from dilepton combinations. Combinatoric
ambiguity is resolved by first selecting the dilepton candidate with mass closest to

the Z peak.

e If a photon is found in the event that is indicative of final state radiation, its
momentum is added to the nearest lepton when computing the Z candidate mass,

or the 4/ mass, of the decay angles of the leptons.

Figs. 5.2, 5.3 and 5.4 show schematic displays of a 4u, a 4e and a 2e2p event respectively

observed in data passing the analysis selection.
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W pr:27.9 GeV

l
L pr:20.8 GeV

u*t p;:40.2 GeV

m,, = 125.4 GeV

Figure 5.2 Display of a 4y event in data passing the analysis selection. The red curves
depict the trajectories of the muon candidates. The green curves depict all the recon-
structed tracks in the event with ppr > 1 GeV. The calorimetric activity is depicted by
the red (ECAL) and blue (HCAL) towers. The pair of muons with pr = 20.8 and 40.2
GeV have an invariant mass of 58.2 GeV which is the closest to the nominal Z peak
of all the possible u* i~ combinations. The remaining pair of muons have an invariant
mass of 45.8 GeV. The invariant mass of the 4y system is 125.4 GeV.
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e* p;:37.9 GeV

e’ p;:29.6 GeV

e p;:28.6 GeV
e p;:36.7 GeV

m,, = 126.3 GeV

Figure 5.3 Display of a 4e event in data passing the analysis selection. The dark blue
curves indicate the tracks of electrons. The green curves depict all the reconstructed
tracks in the event with pr > 1 GeV. The calorimetric activity is depicted by the red
(ECAL) and blue (HCAL) towers. The pair of electrons with pr = 36.7 and 37.9 GeV
have an invariant mass of 74.6 GeV which is the closest to the nominal Z peak of all the
possible eTe™ combinations. The remaining pair of electrons have an invariant mass of
14.2 GeV. The invariant mass of the 4e system is 126.3 GeV.
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. 17.6 GeV ’\

e p;:36.5GeV e* p;:49.9 GeV

W pr:22.4 GeV

m,em, = 124.3 GeV

Figure 5.4 Display of a 2e2u event in data passing the analysis selection. The red curves
depict the trajectories of the muon candidates while the dark blue curves indicate the
tracks of electrons. The green curves depict all the reconstructed tracks in the event
with pr > 1 GeV. The calorimetric activity is depicted by the red (ECAL) and blue
(HCAL) towers. The pair of electron candidates observed in the event form an invariant
mass of 90.1 GeV which is consistent with the nominal peak of the Z boson. The muon
candidates form an invariant mass of 26.9 GeV while the invariant mass of the 2e2u
system is found to be 124.2 GeV.
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5.3.1 Triggers

The majority of the four-lepton events used in the analysis are selected with
dilepton triggers that have pp thresholds of 17 and 8 GeV on the leading and subleading
leptons respectively. The dilepton triggers have double muon, double electron, as well
as electron-muon configurations. In the case of the 4e final state, a tri-electron trigger
with thresholds of 15, 8 and 5 GeV on the electron legs is added to catch events with
low pr electrons which may fail the selection requirements of the dielectron trigger.
The presence of four leptons provides a certain redundancy due to which the trigger
efficiency is fairly high (~ 98%). Similar triggers are also applied in simulation and the

data-to-simulation scale factors are found to be consistent with unity.

5.3.2 Electron Selection

Electron candidates used in the analysis are required to have pr larger than
7 GeV and |n| < 2.5. A multivariate discriminant is constructed using the ‘Boosted
Decision Tree’ (BDT) technique which helps provide optimal discrimination between
genuine electrons and fake candidates. Several variables are used as inputs while building
the BDT discriminant. These variables can be grouped into three categories — variables
based on the momentum and geometric matching of the ECAL supercluster and the
electron track, variables based on the shape of the supercluster, and variables based on
the quality of the electron track. Fig. 5.5 shows the distribution of the discriminant
in the case of genuine electrons from Z — ee simulation, and fake electron candidates
observed in Z + 1 electron events in data. Electron candidates are selected based on
certain requirements imposed on the BDT discriminant value that are listed in Tab. 5.2.

Table 5.2 Electron identification requirements based on the output of the BDT discrim-
inant.

pT Cut Value for Cut Value for Cut Value for
(GeV) In| <0.8 0.8 < |n| <1.479 | 1479 < |n| < 2.5
< 10 > 0.47 > 0.004 > 0.295

> 10 > —0.34 > —0.65 > 0.60

The electrons that pass the identification criteria are also required to be isolated.
The isolation sum is computed by summing up the transverse momenta of particle-flow

candidates in a AR = 0.4 cone around the electron, and is required to be less than 40%



128

8 TeV s =8TeV
\‘\\\‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\‘\\\‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

T
1=
. Z - ee (Simulation) E . Z - ee (Simulation)

107

i L
S

101

Z + 1e (Data)

Z + le (Data)

-2
- 10 3 10—2

10°
10°

T

10*

10*

T

-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1 -1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1
Electron ID Output Electron ID Output

Figure 5.5 The distribution of the BDT discriminant in the case of genuine electrons
from Z — ee simulation, and fake electron candidates observed in data using Z + 1
electron events. Plot on the left shows the distribution for electrons candidates in the
barrel region (|n| < 1.4442), while the plot on the right shows the distribution for the
endcaps.

of the electron pyr. A p-correction (see Sec. 2.3.8) is applied to the isolation sum to
account for the pileup contamination.

In order to suppress the tf and Z + bb backgrounds in which two electrons
are produced from the decays of b quarks, the three-dimensional impact parameter
significance of the electron with respect to the primary vertex is required to be less than
4. This ensures that the electrons used in the analysis are produced promptly, as would
be expected in Z boson decays. The background due to converted photons is suppressed
by requiring that the electrons have no more than one missing hit in the inner layers of

the tracker.

5.3.3 Electron Momentum Assignment

In the case of electrons with pr larger than ~ 15 GeV, the momentum estimate
is essentially driven by the measurement of the ECAL supercluster energy. The raw
energy of the supercluster needs to be corrected to account several effects such as the
lateral and longitudinal leakage of the electron shower, loss of electron energy due to
interactions with the upstream tracker material, energy leakage in the gaps between
ECAL crystals or between ECAL modules (physical groupings of ECAL crystals), and

energy contamination due to pileup. This correction factor is derived from a multivariate
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regression procedure which is trained on the response of electrons in simulation. There
are about 60 variables that are used as inputs for the regression. These include variables
such as the energy of the supercluster, it geometrical coordinates, variables describing
the shower shape of the supercluster, variables describing the energy and position of
the seed cluster and its distance from nearby cracks or gaps, the ratio of the hadronic
energy behind the seed cluster to the energy of the seed cluster, the total number of
energy clusters in the supercluster, energies of several subleading clusters, etc.

The corrected energy of the supercluster is then combined with the track mo-
mentum to get the best estimate of the electron momentum. The track information is
particularly helpful in improving the momentum resolution of low-pr electrons and elec-
trons which fall into ECAL gaps. The combination of the supercluster energy and the
track momentum is performed using a second regression that takes as input several vari-
ables such as the supercluster energy and its relative uncertainty, the track momentum
and its relative uncertainty, the ratio of supercluster energy and track momentum and
the uncertainty of this ratio, the type of electron depending on the degree of energy loss
due to bremsstrahlung, whether the electron has been reconstructed using the ECAL
driven or tracker-driven algorithm, etc.

The electron momentum measurement in data can have two sources of systematic
difference with respect to the simulation. There may be a relative shift in the measured
momentum between data and simulation, and there may be a difference in the resolution
or the smearing of momentum between data and simulation. A systematic shift in
momentum would lead to a difference in the predicted and observed position of the
signal mass peak, while a difference in momentum resolution would cause a variation
between the predicted and observed width/spread of the signal resonance. Given the
high resolution that 4¢ channel affords, it is extremely important to correct for these
biases.

The momentum scale difference between data and simulation can be attributed
to several factors. There could be imperfections in the corrections applied for recovering
the transparency loss in the ECAL crystals. The pileup conditions and their effect on the
ECAL clusters may not be correctly reproduced in simulation. Moreover, there could

discrepancies in the modeling of the electron shower in the ECAL crystals, and also
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imperfections in the estimation of the tracker material which could lead to differences
in shower profile between data and simulation. In order to correct for these differences,
the supercluster energy is corrected or scaled in data to match the prediction from
simulation. A scale factor of (1+ Ap) is applied where Ap is computed as the difference
between the fitted value of the Z peak in simulation and in data, relative to the nominal
Z boson mass. Several key sources of scale difference such as transparency effects, pileup
conditions evolve with the period of data-taking. As a result the Ap correction is derived
separately for different sets of runs. But even in a given run range the transparency loss
varies as a function of pseudorapidity since the radiation dose received by the ECAL is
not uniform with respect to 7. Therefore, the corrections are further split into four n-bins
for every run range. To remove any residual differences, a second iteration of corrections
is derived separately for showering and non-showering electrons. The resulting scale-
calibrated supercluster energy is then combined with the track momentum.Since the
calibration procedure relies on Z — ee events in data and simulation, the bulk of its
input consists of electrons in the pr range of 20-50 GeV. However, the 4¢ analysis accepts
electrons with pr down to 7 GeV. To correct for possible deficiencies in the calibration of
low pr electrons, a further py dependent correction is applied to the electron momentum.
This correction is obtained by comparing the Z mass peak in data and simulation for
different electron pg bins.

The validity of the momentum scale calibration procedure can be tested by
comparing the corrected dielectron resonances (Z, J/¥, T) in data with simulation.
This comparison is shown in Fig. 5.6(a). We can see that for low pr electrons (pr < 20
GeV) the agreement between data and simulation is within 0.2% in the ECAL barrel
region while it worsens to about 0.3% in the endcaps.

Apart from the scale calibration, the difference in momentum resolution between
data and simulation also needs to be corrected. The electron momentum resolution ob-
served in data is worse than the prediction from simulation. This can again be attributed
to some inaccuracies in the modeling of the interaction of electrons with the detector.
To correct for this difference, the supercluster energy of electrons in the simulation is
smeared by a random factor sampled from a Gaussian distribution. The width of this

Gaussian is derived for different ranges of 7, and different types of electrons (showering
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and non-showering), by maximizing the likelihood between data and smeared simula-
tion. Fig. 5.6(b) shows the relative difference in resolution between data and simulation

for the different categories of electrons after applying the smearing.
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Figure 5.6 Fig.(a) shows the relative difference in the Z, J/¥, T masses measured with
dielectron events in data and simulation for different ranges of electron py and n. Fig.(b)
shows the relative difference in the resolution of the Z — e*e™ resonance between data
and simulation for various electron categories. The categories are labeled as “B” for
barrel electrons, “E” for endcap electrons, “S” for showering electrons, and “G” for
golden or non-showering electrons.

5.3.4 Muon Selection

Muon candidates in the 4¢ analysis are required to have pr > 5 GeV and || <
2.4. Muons may be reconstructed by either the global muon reconstruction algorithm
which performs an ‘outside-in’ matching between the muon track and a tracker track,
or the tracker muon reconstruction algorithm which performs an ‘inside-out’ matching
between a tracker track and muon track stubs (see Sec. 2.3.2). The tracker muon
algorithm which requires a minimum of one muon segment matched to the tracker track,
helps in improving the reconstruction efficiency for low-pr (~ 5 GeV) muons that may
not be able to push through the entire muon system.

The muon candidates are subjected to the identification criteria of the particle-
flow algorithm. These include some fairly minimal requirements on the muon track

quality in addition to ensuring that the calorimetric deposits associated with the muon
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are low, as expected for a minimum ionizing particle. A further ‘ghost’ cleaning pro-
cedure is implemented to remove duplicate candidates that may be reconstructed by
matching the muon track with two split tracks of the same particle in the tracker, or by
matching a muon track to two near-by tracker tracks.

As in the case of electrons, the three-dimensional impact parameter significance
of muons with respect to the primary vertex is required to be less than 4 to ensure that
they are produced promptly. Furthermore, the isolation sum of the pr of particle flow
candidates in a AR = 0.4 cone around the muon direction is required to be less than
40% of the pr of the muon. The pileup contamination to the muon isolation sum is

corrected using the ApS-correction (see Sec. 2.3.8).

5.3.5 Muon Momentum Assignment

Muons are the most well-measured physics objects in the CMS detector. There-
fore, the 4/ final states with muons dominate the mass measurement of the Higgs boson
signal. The muon momentum is measured by performing a combined fit of the muon
tracks in the tracking system and the muon chambers. As in the case of electrons, the
muon momentum needs to be calibrated in order to ensure that the momentum scale
and resolution agree between data and simulation. Systematic differences may arise due
to mismodeling of the detector alignement, inaccurate description of the magnetic field,
incorrect modeling of multiple-scattering effects, etc.

Scale correction to be applied to the muon momentum in data is derived using the
MuScleFit technique [169]. In this approach, the scale correction is modeled as a function
of the track variables. The parameters of this function are then derived by performing
a likelihood fit on the difference in the Z peak between data and simulation. The same
approach is also used to obtain smearing factors with which to vary the momentum in
simulation in order to match with the observed resolution in data. Fig. 5.7 shows the
relative difference in the peak positions and resolutions of the Z, J/W¥, T resonances in

data and in simulation after applying the corrections.
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Figure 5.7 Fig.(a) shows the relative difference in the peak positions of the Z, J/¥, T
resonances measured using dimuon events in data and simulation. Fig.(b) shows the
relative difference in the measured resolution of these resonances.

5.3.6 Reconstruction of 7 and 77 Candidates

Having selected a set of leptons in a given event, the next step is to look for a pair
of Z boson candidates that can be associated with a Higgs boson decay. To understand
the logic behind the procedure for reconstructing ZZ candidates, we need to consider
the kinematics of the Higgs boson decay. If the Higgs boson mass is greater than ~ 180
GeV, the two Z bosons are produced on mass shell. But if my < 180 GeV, typically one
of the two Z bosons is produced with an invariant mass close to the nominal Z peak,
while the other Z boson accommodates the remainder of the Higgs boson mass and is
produced off mass shell.

With this in mind, we start by first identifying the Z candidate whose mass is
closest to the nominal Z peak of 91.188 GeV. This candidate is referred to as Z;. From
the remaining set of dilepton combinations, the pair with the highest scalar pr sum of
the leptons is chosen as the Z5 candidate. The Z; candidate is required to have invariant
mass between 40 and 120 GeV. This mass window helps to capture not just the signal
events in which the Z; candidates are produced on shell but also the H — Z*Z* decays
in which the mass of the Z; candidate may not be close to the Z pole. In the case of

the Z5 candidate, the minimum requirement on the mass is lowered further down to 12
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GeV. This requirement of mz, > 12 GeV helps to suppress background events in which
the Z5 candidate originates from the dilepton decays of quarkonium resonances such as
J/1 and Y. Additionally, all the same flavor, opposite charge dilepton combinations are
required to have an invariant mass larger than 4 GeV in order to further suppress the
J/U — ¢+t~ background. Lastly, it is required that there be atleast two leptons in the

40 set with pr > 20 and 10 GeV in order to meet the trigger thresholds.

5.3.7 Final State Readiation Recovery

The leptons produced in the decay of Z bosons may radiate photons and lose
momentum. If we fail to account for the momentum lost to final state radiation (FSR),
the measured 4¢ mass becomes different than the mass of the ZZ system. This is
detrimental to our search which looks for a bump in ZZ mass distribution. In order to
have the best determination of the ZZ mass, we need to look for FSR photons and if
found, associate them with the appropriate photon. The procedure for FSR recovery is
as follows. We start by looking for photon candidates with pr > 4 GeV in a AR = 0.5
cone around the leptons. In the case of photons that are found to be closely aligned
to the leptons (AR < 0.07), this threshold is lowered to 2 GeV. The isolation sum of
particle flow candidates around a candidate FSR photon is required to be less than the
pr of the photon. No pileup correction is made to the isolation sum to disfavor photons
that may themselves be produced from pileup interactions.

Of all the photons that pass the above selection, only those are retained which
help push the mass of the Z candidates (either Z; or Z3) closer to 91.188 GeV while
requiring mye, to be less than 100 GeV. If there are more than one photons that remain
associated with a Z candidate, the photons are sorted in pr, and the photon with the
largest pr is selected provided its pr > 4 GeV. If there are no photons with pr > 4
GeV i.e. all photon candidates are within a AR = 0.07 cone around the leptons, then
the lepton with the smallest AR separation is chosen. An event may therefore, have
either zero, one or two FSR photons that can be associated with the leptons of the Z
candidates.

When computing the mass of the ZZ system, the momentum of the FSR photons

is vectorially added to the momentum of the associated leptons. The requirements of the
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mass of the Z; and Z» candidates are imposed after taking into account the corrected
mass of the dilepton system. Furthermore, the isolation requirements on the leptons
are also imposed on the corrected isolation value which is obtained by subtracting the
photon ppy from the isolation.

The FSR correction affects about 6% of signal events for my = 126 GeV. Fig. 5.8
shows the mass distribution of H(126GeV) — ZZ — 4{ events in which one or two
FSR photons have been identified. The improvement in mass reconstruction of the
signal is clearly visible. Furthermore, the FSR recovery procedure leads to an overall
improvement of about 3% in the selection efficiency, which is mainly due to the correction
applied to the isolation sum. The purity of the FSR selection, that is the fraction of cases
in which a genuine FSR photon is identified is about 80% for my = 126 GeV. The impact
of FSR recovery is more pronounced in the case of muons as compared to electrons. This
is due to the fact FSR photons typically get absorbed in the electron superclusters and

are therefore largely corrected for in the elecron reconstruction procedure itself.
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Figure 5.8 Mass distributions of H(126GeV) — ZZ — 4/ events with one or two FSR
photons are shown both with and without the FSR correction.
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5.4 Search Using my

Having selected a set of four lepton events, let us now turn our attention to
the search strategy for finding the Higgs boson signal amidst the background. The
invariant mass of the four-lepton system is the most important discriminating variable
between the Higgs boson signal and the background. In this section we will consider
the simplest possible approach of performing a ‘bump hunt’ in the four-lepton mass
distribution to search for the Higgs boson. The idea is to parametrize the signal and
background mass distributions by analytical p.d.f.s and then search for a signal peak by
performing an unbinned fit. In the next section we will extend this approach to include
additional kinematic information derived from the four-lepton system to help improve

the discrimination between the signal and background.

5.4.1 Signal Model

The theoretical line-shape of a low mass Higgs boson can be described with the
relativistic Breit-Wigner function (see Sec. 1.3.5):
k

rel
m) = 5.1
Bw (m) (m? —m¥)? + m§I? (5.1)

where I is the total decay width of the Higgs boson and k is a normalization factor. For
a narrow resonance we can assume |m — my| << my in which case the above equation

reduces to:

few(m) = (m — m];)Q i (5:2)

While the Breit-Wigner function (BW) defined in eq. 5.2 effectively describes the theo-
retical line-shape of the Higgs boson, the resonance that we expect to observe in data
gets smeared due to the finite momentum resolution of the detector. Hence, the recon-
structed signal line-shape is modeled as a convolution of the BW function and a double

sided Crystal Ball (dCB) function which captures the momentum scale and resolution

effects. The dCB function is defined as follows
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—(m—mo)?/20” if —arp <(m—mp)/o<ag

facs(m) = Ar(Br — (m —mg) /o)™ if (m—myp)/o < ar, (5.3)

AR(Bgr+ (m —mg)/o) "k if (m —mg)/o > agr

n n
where Ap = (M> " X €_a2L/2, B = <%_OZL)’ Ap = (M) " X 6_0%/2, Br =

ar, aR

(Z—g -« R). The parameter mg represents the overall shift in the reconstructed signal

peak compared to myg while the parameter o represents the detector resolution. The
parameters ay,, ar, ny, and ng represent the non-Gaussian tails of the detector response.
The parameters of the dCB function are obtained by fitting the dCB ® BW p.d.f. to
the reconstructed signal mass distribution in simulation.

The dCB ® BW function describes the signal mass distribution very well for
Higgs boson masses up to 400 GeV. For my < 180 GeV, the natural width of the Higgs
boson is much smaller than the detector resolution, and so a dCB function can by itself
describe the signal shape very effectively. Fig. 5.9 shows the mass distribution of the
SM Higgs boson with my = 126 GeV in the 4u,2e2p and 4e channels fitted with the
dCB function.

In the case of a high mass Higgs boson (my = 400 GeV or higher), the Breit-
Wigner approximation breaks down and the complex pole scheme (see Sec. 1.3.5) needs
to be used. Moreover, in this mass region the interference between the Higgs boson
signal and the gg — ZZ background becomes non-negligible. While the interference
does not have a significant impact on the signal cross-section, it does change the line-
shape of the signal mass distribution. Taking all these factors into account the signal
model for my larger than 400 GeV is modeled using a convolution of a dCB function
with a relativistic-Breit-Wigner-like function fi(m) defined as follows

K.m

frna(m) = (m? —m#)? + m2I'%,, (5-4)

where k is a normalization factor. The dCB function in this case does not physically
represent the detector response as such, but is simply a part of the description of the

signal model. The parameters of the dCB function and the I'yy parameter of fiv are
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Figure 5.9 Four-lepton invariant mass distribution of the SM Higgs boson with my =
126 GeV is shown for the 4u, 2e2u and 4e channels. A dCB function is fitted to the
reconstructed mass distribution in each channel.

fitted to the reconstructed mass distribution. Fig. 5.10 shows the mass distribution of
the SM Higgs boson with my = 500 GeV in the 4y, 2e2u and 4e channels fitted with

the dCB ® fiv function.

5.4.2 77 Background Model

The electroweak ZZ and Z~* production forms the main background in the
40 analysis. The ZZ background gets contributions from two production mechanisms.
A part of the ZZ background can be attributed to the gg — ZZ process which is

shown in Fig. 5.11(a). But the major chunk of the ZZ background comes from the
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Figure 5.10 Four-lepton invariant mass distribution of the SM Higgs boson with my =
500 GeV is shown for the 4, 2e2u and 4e channels. A dCB ® fi function is fitted to
the reconstructed mass distribution in each channel.

qq — ZZ process shown in Fig. 5.11(b). The q¢ — ZZ background also has an s-
channel contribution as shown in Fig. 5.11(c) which essentially produces a Z — 44
resonance. While the irreducible background for the 4¢ analysis is referred to as the
‘Z 7’ background in this thesis, the contributions from the Z~* process are also taken
into account.

The estimate of the ZZ background is derived from simulation. The invariant
mass distributions of the gg — ZZ and qq — ZZ processes are shown in Fig. 5.12(a)
and 5.12(b) respectively. The shapes of these distributions are modeled using empirical

functions fy—zz and fy4—zz which are defined as follows
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(a) g9 = Z2Z (b) qq — ZZ (t-channel)

(¢) q¢ = ZZ (s-channel)

Figure 5.11 Feynman diagrams for the ZZ background.

qu—>ZZ(m) = (% + % X Erf(ma—lao)) <1+e(ma3ao)/a2) +
1 1 -
5+ 35X Erf(ma5a4)) (He(r'?j%)/% + He(,,flf’w/ag) + (5.5)

1 1 —
(§ + bl X Erf(maﬁlo)) (1+e(m(11a310)/"‘12>

fog—zz(m) = <% +3 X Erf(mibo)) (1+e<mb3bo>/b2> +

(5.6)
1 1 —b. b b
(5 + 7 X Erf(mb5 4)) <1+e(mzb4)/b6 + 1+e(mgb4)/b8)

where ‘Erf’ stands for the error function given by Erf(z) = 2/y/7 [ e~ dt. The param-
eters ap—a13 and bp—bg are obtained by fitting the f,,— 7z and fy4— 77 functions to the

qq — ZZ and gg — ZZ mass distributions respectively in the various 4¢ channels.

5.4.3 Reducible Background Model

The 4/¢ analysis searches for events with four leptons that pass certain selection
criteria - they are required to be prompt, isolated and well-identified. Since the expected
yield of signal events is quite low, the lepton selection criteria are designed to be as loose

and inclusive as possible. While a large chunk of the background events that pass the
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Figure 5.12 Four-lepton invariant mass distributions for the gg — ZZ (left) and qq —
77 (right) backgrounds are shown. The 4y, 2e2u and 4e channels are combined. The
shapes of the mass distributions are parameterized using empirical functions f4q—zz
and fgg72.

event selection consist of four genuine leptons produced in the decays of Z bosons, a part
of the background originates from processes in which one or two jets get mismeasured
as leptons, or processes in which leptons are produced from decays of b-quarks. As
discussed in Sec. 5.1 this reducible background can be attributed to processes such as
Z+jets, fully leptonic tt decays, fully leptonic W Z decays, etc.

The reducible background is estimated in this analysis using a data-driven ap-
proach. The underlying technique is the same as that used in the estimation of the
reducible W+jets background in the H — WW — 2¢2v analysis [170]. The first step is
to identify events that have a dilepton candidate that passes the Z; selection require-
ments of the analysis. These dilepton candidates have very little contamination from
fake leptons and consist overwhelmingly of Z boson decays. We then consider a subset
of these events in which there are a pair of leptons in addition to the Z; candidate that
pass certain loose selection criteria. The ‘loose’ leptons are required to have the same
flavor and opposite charge. Moreover, they are required to pass pr, 7 and impact pa-
rameter requirements imposed in the analysis. The electrons are required to have fewer
than two missing hits in the inner pixel layers while the muons are subjected to the
duplicate cleaning procedure. The Z; + 2 loose lepton candidates are subjected to the

same kinematic and combinatorial selections that are imposed on the ZZ candidates in
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the analysis. The FSR recovery procedure is also extended to these candidates.

The next step is to device a strategy to estimate the reducible background, which
from hereon is termed as the Z + X background, from the Z; + 2 loose lepton control
sample. In order to explain this strategy, let us start by establishing certain lepton
categories. A lepton can be categorized as a fake/bad lepton (labeled by letter ‘B’) or a
genuine lepton (labeled by letter ‘G’) depending on whether or not it originates from a
reducible source (jets, b decays, etc.) Similarly, a lepton can be categorized as a passing
(lepton labeled by letter ‘P’) or a failing lepton (labeled by letter ‘F’) depending on
whether or not is passes the lepton selection imposed in the analysis.

Let f denote the fake rate or the probability of a fake lepton to pass the lepton
selection of the analysis. Let p denote the prompt rate or the probability of a genuine
lepton to pass the lepton selection requirements. The prompt rate is essentially the
efficiency of lepton selection that is measured in data using the tag-and-probe method. In
order to compute the fake rate the following procedure is adopted. First, a clean sample
of Z events is selected by imposing the Z; selection on dilepton candidates. A subset of
these events is selected such that there is exactly one loose lepton in the event in addition
to the Z; daughters. The Z; mass requirement is tightened to my, € [81.188,101.188]
GeV. This substantially removes events in which a fake lepton gets associated with the
7, candidate while the genuine lepton from Z decay is counted as the additional loose
lepton. The E%ﬁss in the event is required to be less than 25 GeV to suppress W Z events
in which there are three genuine leptons. Furthermore, the invariant mass of the same
flavor, opposite sign lepton pairs is required to be greater than 4 GeV in order to be
consistent with a similar requirement imposed in the selection of 4¢ candidates in the
analysis. The collection of Z;+1 loose lepton events that pass these requirements is then
binned in py and 1. The loose leptons in these events are almost entirely fake leptons.
Therefore the fraction of loose leptons that pass the lepton selection requirements in
each pr, n bin gives the fake rate for leptons in that pp, n range. Fig. 5.13 shows that
fake rates for muons and electrons computed in bins of pr for the central and forward
regions of the detector.

Now let us imagine that we have a set of N loose leptons. Let Ng be the number

of genuine leptons and Np be the numbers of fake leptons in this set. Similarly let Np
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Figure 5.13 Fake rate of muons(left) and electrons(right) as a function of pr. The fakes
rates are computed separately for the barrel (|n| < 1.479) and endcap(|n| > 1.479)
regions.

be the number of passing leptons and Ng be the number of failing leptons. We do not
have a priori information about Ng and Ng. In data, all we can know is Np and Np i.e.
the number of lepton candidates that pass or fail our selection. From this information
we want to determine the number of fake leptons Ng. We can determine Np with the

help of the following set of relations

N = Ng+ N
= Np+ Np
(5.7)
Np = pNg+ fNp

Np = (1—-p)Ng+(1—-f)Ns
Here we have a system of linear equations which we can solve for Ng. This gives
us Np = ﬁ[pl\f p— (1 —p)Np]. What we really want to know is not the actual number
of fake leptons (Np) in the set of N leptons but rather the number of fake leptons that

pass our selection requirements. Therefore, what we are looking for is NB*** = fNp =

-
p—f

lepton selection efficiency is high) this relation takes the form fNp = %N P.

[pPNp — (1 — p)Np]. In the limit where the prompt rate is close to unity (or the

Now, in our Z+2 loose lepton control sample we are dealing with a pair of leptons.
This means that in a set of Z + 2 loose lepton events we would have Nqog, NaB, Naa,
Npp events with zero one or two fake leptons and similarly we would have Npp, Npp,

Npp, Npp events with zero, one or two leptons failing the lepton selection. A linear
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system of equations can be constructed in order to relate (Nga, Nop, Npa, Npp) with
(Npp, Npr, Npp, Npp). Our goal is to find the fraction of Ngp + Npg + Npp events

that pass the lepton selection requirements. This is given by the following relation

—e16o2Npp 4+ €aNpp + €1 Npp + (e1eamma — €1m1 — €anm2) Npp
(1 —e1m)(1 — eama)

NEE + NER" + NE5" =

(5.8)
where € = %, n= %, and the subscripts 1,2 refer to the two loose leptons. Essentially,
we can obtain the reducible background yield by assigning the following weights to the

Z + 2 loose leptons control sample on an event-by-event basis depending on whether or

not either of the two loose leptons passes or fails the lepton selection.

wpp = —eel(l—em)(l —emp)] !

wpp = el(l—eam)(l—emnp)’ (5.9)
wrp = eal(l—ean)(l—emn)] "

wpp = (ereamma — exm — eana)[(1 — exm) (1 — eama)] "

Fig. 5.14 shows the mass ditribution of Z + 2 loose lepton events in which both
the loose leptons fail the lepton selection (which corresponds to Npp events). Similarly,
Fig. 5.15 shows the mass distribution of events in the control sample where one of the two
leptons passes the lepton selection (which corresponds to Nprp + Npp events). We see
that the Z+jets simulation significantly understimates the yield of Z; + 2 loose muons.
Fig. 5.16 shows the mass distribution of the Z 4+ X background in the 4y, 2e2u and 4e
channels derived using reweighted Z + 2 loose lepton events. The background shape is
parametrized as either a single Landau function or a sum of two Landau functions for

the different channels.

5.4.4 Systematic Uncertainties

Normalization Uncertainties

There are several sources that contribute to systematic errors in the evaluation of
signal and background yields. The signal and the ZZ background is estimated from sim-

ulation. The uncertainty on the theoretical cross-sections of these processes is evaluated
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by varying the QCD renormalization and factorization scales and by varying the PDF
sets used for Monte Carlo generation. The uncertainties on the signal cross-sections are
reported as a function of my for all the Higgs boson production modes in [103,104]. For
my > 400 GeV the uncertainty on the complex pole scheme and interference corrections
to the signal line-shape is covered by assigning a 5% systematic on the 'y parameter
of the fin(m) function defined in eq. 5.4. The uncertainties on the ZZ background pro-
cesses have been evaluated as a function of my4s and are found to vary between 3-10%
for the q¢ — ZZ background and between 25-50% for the gg — ZZ background.

The uncertainty on the measured luminosity of estimated to be 2.2% for the

7 TeV data and 2.6% for the 8 TeV. The uncertainty on the data-to-simulation scale
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Figure 5.16 Four-lepton mass distribution of the Z + X background in the 4y (left),
2e241 (center) and 4e (right) channels.

factors for the lepton selection efficiency, when propagated to the signal yield varies
between 3-11% depending on the 4¢ channel and value of my. The uncertainty on the
reducible background is estimated by looking at the variation in the fake rates of leptons
in the simulation of different types of processes such as Zbb and tf which have leptons
produced in b decays, Z-+light jets in which leptons are essentially mismeasured jets,
and Z~ events in which electrons are produced in photon coversions. The statistical
uncertainty due to the limited number of events in the Z+ two loose leptons control
sample is also taken into account. Moreover, a closure test is performed in data by
testing the Z + X estimation procedure on Z + e*u¥ events. This leads to uncertainty
estimates of 40%,25% and 20% for the Z+ X background in the 4, 2e2p and 4e channels

respectively.
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Shape Uncertainties

Apart from the normalization uncertainties on the signal and background yields,
there are shape uncertainties associated with the scale and resolution of the signal peak.
These uncertainties are evaluated by propagating the per-lepton data-to-simulation dif-
ferences in scale and resolution observed using the Z, J/¥ and T resonances to the
Higgs boson mass shape. The scale uncertainty is estimated to be 0.1%, 0.1% and 0.3%
for the 4u, 2e2p and 4e channels respectively and is assigned to the peak of the dCB
function used in the modeling of the signal shape. Similarly, the resolution uncertainty
is estimated to be 20% for all the channels and is assigned to the width of the dCB
function.

Table 5.3 summarizes all the systematic uncertainties that are included in the

analysis.

Table 5.3 Summary of all the systematic uncertainties affecting the H — 72 — 4/
analysis.

Source Uncertainty [%]
Luminosity 2.2 (7T TeV), 2.6 (8 TeV)
Uncertainty on gg partonic luminosity 7-10
Uncertainty on gg partonic luminosity 2-5

QCD scale for gg — H production 8-10

QCD scale for g¢ — H production 4-8

QCD scale for gg — ZZ production 3-7

QCD scale for qq — ZZ production 25-50

H — 44 branching ratio 2

Lepton identification and isolation 1-2 (4p), 2-4 (2e2p), 5-11 (4e)
Lepton momentum scale 0.1 (4p, 2€2p), 0.3 (4e)
Lepton momentum resolution 20

Reducible background yield 40 (4p), 25 (2e2u), 20 (4e)
High mass signal line-shape 5% (on ')

5.4.5 Results

We have seen at the end of the last chapter that the SM Higgs boson had been
excluded in the high mass region with the data collected in 2011 at /s = 7 TeV.
Therefore, lets start by looking at events with my4, > 150 GeV to test the agreement
between data and the background prediction assuming there to be no signal in this
region. Tab. 5.4 summarizes this comparison and we see that our estimate of the ZZ

background, which is based entirely on simulation, is consistent with observation.
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Table 5.4 Yield of four-lepton events with my4, > 150 GeV observed in data and the
predictions for the ZZ and Z + X backgrounds. Results from 7 and 8 TeV datasets
have been combined.

Event yield in | Event yield in | Event yield in | Total event
4p channel 2e2y channel | 4e channel yield
Z 7 background 106 + 13 177+ 23 7219 355 £ 28
Z + X background | 1.5 £ 0.6 55+1.4 4.0+0.8 11+£1.8
Total background | 108 13 182 £ 23 76 £ 10 366 + 28
Data 109 216 7 402

We now extend our examination to the entire mass spectrum. The mass distribu-
tion of 4¢ events is shown in Fig. 5.17. We can see a peak in the ZZ background around
the Z pole. This peak comes from the s-channel contribution to the qq — ZZ process
whose Feynman diagram is shown on Fig. 5.11(c). We also see events building up in
excess of the background prediction around my, ~ 126 GeV. This excess is consistent
with the prediction of a 126 GeV SM Higgs boson. Fig. 5.18 shows the distributions
of the Z; and Z5 candidates in a 9 GeV window between 121.5-130.5 GeV which con-
tains the bulk of this excess. Here again, we find good agreement between data and
the prediction for a 126 GeV Higgs boson. Table 5.5 shows the expected and observed
event yields in this 9 GeV window. We expect about 9 events from the background and
about 19 events from a 126 GeV Higgs boson, and we observe 25 events in data. We
can evaluate the p-value corresponding to the deviation caused by the excess compared
to the background prediction. Fig. 5.19 shows the p-value scan as a function of myg. A
maximum of 4.9¢ significance is observed for a Higgs boson hypothesis of my = 125.7
GeV. The expected significance at this mass point is 5.50. Therefore, we have clear
evidence of a new particle in our search for the SM Higgs boson. Furthermore, no excess

is observed in the remainder of the Higgs mass range.

Table 5.5 Yield of four-lepton events in a 9 GeV window of 121.5-130.5 GeV around
my = 126 GeV. Results from 7 and 8 TeV datasets have been combined

Event yield in | Event yield in | Event yield in | Total event
4y channel 2e2y channel | 4e channel yield
Z 7 background 27+£0.1 3.44+0.2 1.2+£0.2 73+£0.3
Z + X background | 0.5 +0.2 0.84+0.2 0.7+0.1 2.0+0.3
Total background | 3.2 +£0.2 4.2+0.3 1.94+0.2 9.3+04
H(126 GeV) 7.2+0.8 8.5+1.0 34405 19.1£1.5
Data 8 13 4 25
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Figure 5.17 Figure on the top shows the four-lepton mass distribution in the range 70—
700 GeV. Figure at the right provides a zoom into the mass range 70-180 GeV. We can
clearly identify a peak in the mass distribution at the Z pole. This peak corresponds
to the s-channel qq — ZZ background process. Then, we also see a build up of events
around the four-lepton mass of about 126 GeV. This peak is in excess of the background
expectation and is found to be consistent with the prediction of a 126 GeV SM Higgs
boson. In the 9 GeV window between 121.5-130.5 GeV which basically comprises of
three bins in the bottom figure around 126 GeV, we observe 25 events in data. In the
mass window there are 9 events expected from the background and 19 events expected
from a 126 GeV Higgs boson.
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Figure 5.18 Figure on the left shows the mass distribution of the Z; candidates in four-
lepton events where the mass of the four-lepton candidate is between 121.5-130.5 GeV.
Figure on the right shows the corresponding mass distribution of the Zs candidates. We
can see that data is consistent with a 126 GeV SM Higgs boson on top of the background.

5.5 Search Using my and Kinematic Discrimi-

nant

So far we have only used the mass of the four-lepton system to isolate the signal.

Indeed, myy is the most powerful discriminating variable in the analysis. However, the
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Figure 5.19 The p-value distribution obtained in the my, shape analysis for the low
mass region of 110-180 GeV (left) and for the full mass range of 110-1000 GeV (right).
We can see a 4.90 dip in the p-value distribution at my = 125.7 GeV. The expected
significance for the SM Higgs boson of the same mass is 5.50. No other significant excess
is seen in the entire mass range. A small ~ 2.50 excess is observed around my = 145
GeV but this is consistent with a statistical fluctuation.

four-lepton system provides access to additional kinematic information that can help to
improve upon the separation between signal and background events thereby enhancing
the search sensitivity [167,168]. Each of the four leptons in our analysis has three

momentum coordinates associated with it. This adds up to a total of twelve degrees
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of freedom that are required to define the four-lepton system. Three of these twelve
degrees of freedom can be used to define the momentum vector of the ZZ system. If
we move boost into the rest frame of the ZZ system we are left with nine degrees of
freedom. One of these nine degrees of freedom is the azimuthal (¢) orientation of the
Z 7 system around the z-axis. Our experiment is completely symmetric in this variable
and hence we can choose to ignore it or in other words integrate it out from all kinematic
considerations. Of the remaining eight degrees of freedom, three can be ascribed to the
Zy mass (myz,), Z2 mass (myz,) and the mass of the ZZ system (myzz or mygs). The
five degrees of freedom that are left can be described in terms of the production and
decay angles of the ZZ system as shown in Fig. 5.20. The five angles can be described

as follows

0* is the polar angle of the Z; candidate in the ZZ rest frame

®; is the angle between the Z; — T/~ plane and the pp —+ H — ZZ plane in the

Z 7 rest frame

#, and 65 are helicity angles of the leptons in the Z; and Zs rest frames respectively

® is the angle between the Z; — £T¢~ and Zy — ¢/~ planes.

Figure 5.20 A schematic of the Higgs boson decaying into four leptons.
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5.5.1 Search Strategy

In the my4, bump hunt we ignore the information from seven out of the eight
variables available at our disposal. In order to incorporate this missing information,
a kinematic discriminant is built using the five angles represented as O and the two
Z masses myz, and mg,. For a given value of my, the probability of a signal or a
background event to have a given set of (ﬁ,mzl,mzz) values is proportional to the
square of its matrix element. In the case of signal we can treat myy to be the same as

my. The kinematic discriminant can then be written in the following way

. —1
fsig (Q7mzl7m22|m42)

fsig (Q7m217m22|m4e> + forg (Q,mzl,m22|m4g>

fokg (Q, Mz, , Mz, \mu)

fsig (szl,nglmu)
(5.10)

where fg;, and fpr, are given by the square of the matrix elements for the signal and
the dominant qq — ZZ background. Some additional m4,-dependent factors are used to
normalize fs;, and fyry in order to ensure that the signal events are concentrated in the
region Kp > 0.5 while the background events are concentrated in the region Kp < 0.5.
The matrix element amplitudes used for evaluating the signal likelihood function fs;4
are obtained from the JHUGEN Monte Carlo generator while the matrix elements for
the ZZ background are computed using the MCFM generator.

Fig. 5.21 and 5.22 show the distribution of the conditional p.d.f.s Py (K p|mae)
and Pyy_, 7z (Kp|mag) constructed using the signal and g¢ — ZZ background simula-
tions respectively. In the case of the signal, the conditional p.d.f. is constructed from a
mixture of several Higgs boson simulations generated using different values of my. Sim-
ilar conditional p.d.f.s are also constructed for the gg — ZZ and Z + X backgrounds.
We then obtain the two-dimensional (Kp,my) p.d.f.s for the signal and background

processes using the following relations

Psig (KD, m4€|mH) = Psig (KD|m4E) X Psig (m4£|mH) (5 11)

Pbkg (Kp,mag) = Pbkg (KD’mU) X Pbkg (mu)

where Pgig (maelmu) and Pyg (Kp,mage) are the four-lepton mass shapes of the signal

and background processes that we used in the my, based analysis described in the pre-
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Figure 5.21 Conditional p.d.f.s Py (Kp|mae) (left) and Pyy—zz (Kp|mae) (right) in the
the low mass region of myy € [100, 180] GeV.
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Figure 5.22 Conditional p.d.f.s Py (Kp|mae) (left) and Py, z7 (Kp|mag) (right) in the
the high mass region of my, € [180,800] GeV.

vious section. These p.d.f.s are used to construct a two-dimensional unbinned likelihood

with which we fit the observed data.

5.6 Results

The event yields in the 2D(Kp,my4y) analysis remain the same as in the case
of the 1D(my,) analysis since the event selection is kept unchanged. The normaliza-
tion uncertainties on the signal and background processes and the shape uncertainties
associated with the scale and resolution of the signal shape are propagated to the 2D
analysis. A shape certainty is assigned to the Z + X conditional p.d.f. Pz x (Kp|muae)
by taking the p.d.f. of the ¢qg — ZZ background as the alternate bounding shape.

Fig. 5.23 shows the two-dimensional (2D) Kp v/s my, distribution of four-lepton
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events observed in data. We can see a clustering of events in the narrow island region
corresponding to the 126 GeV Higgs boson signal. The p-value distribution obtained
in the 2D analysis is shown in Fig. 5.24. The most significant deviation from the back-
ground only prediction is observed again at my = 125.7 GeV. The expected signficance
at this mass point is 6.50 whereas the observed significance is 6.70. Furthermore, no
other significant excess is observed in any other region of my. This can also be seen
from Fig. 5.25 which shows the distribution of the expected and observed upper limits
at 95% CL on the signal strength of the SM Higgs boson production and decay into
four leptons as a function of myg. Apart from the excess around 126 GeV, the observed
upper limits are consistent with the expectation. A SM-like Higgs boson is excluded
in the mass range of 115-118 GeV and 129-830 GeV. The expected exclusion range is
115-720 GeV.

Chapter 5, in full, is the reprint of the material as it appears in “Measurement
of the properties of a Higgs boson in the four-lepton final state”, by CMS Collaboration,
Phys. Rev. D 89 (2014) 092007, and “Observation of a new boson at a mass of 125
GeV with the CMS experiment at the LHC” by CMS Collaboration, Phys. Lett. B

716 (2012) 30. The dissertation author was the primary investigator and author of this

paper.



156

Vs=7TeV,L=51fbVs=8TeV,L=19.7 fb*

1
0.9 0.45
0.8 0.4
0.7 0.35
0.6 0.3
[a)
v 05 0.25
0.4 0.2
0.3 0.15
0.2 0.1
0.1 0.05
0 120 130 140 150 160 170 180
m,, [GeV]
Vs=7TeV,L=51fb%{s=8TeV,L=19.7fb*
1 0.9
0.8
0.7
0.6
A 0.5
\'d
0.4
0.3
0.2
0.1
0 200 300 400 500 600 700 800

m,, [GeV]

Figure 5.23 Two dimensional Kp v/s my, distribution of four-lepton events in data
in the low mass region of my, € [100,180] GeV (top) and the high mass region of
mye € [180,1000] GeV (bottom). The top plot shows data points overlaid on top of the
signal (126 GeV) plus background prediction. We can see that the Higgs boson signal
is largely concentrated in the red colored island around myy ~ 126 GeV and Kp > 0.5
while the background is mostly spread out in the region of Kp < 0.5. The bottom plot
shows the data points overlaid on the background prediction in the high mass range.
The error bars on the data points in both the plots correspond to the event-by-event
uncertainties on the measured value of muy.
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Figure 5.24 Figure on the top shows the p-value scan in the low mass region of 110-180
GeV while the figure at the bottom shows the p-value distribution for the full mass
range of 110-1000 GeV. The expected and observed p-values for the 1D myy search
described in the previous section are shown by the blue lines while the expected and
observed p-values for the Kp v/s mye 2D analysis are depicted by the black lines. We
can clearly see the improvement in sensitivity in the 2D analysis as compared to the myy
bump hunt. In particular we observe a 6.70 excess at my = 125.7 GeV. The expected
significance at this mass point for the SM Higgs boson is 6.50. In the 1D case we have
already seen that the observed significance at the same mass point is 4.9¢ while the
expected significance is 5.50. We do not see any other significant excess in the entire
mass range but there several small dips in the p-value distribution that are consistent
with statistical fluctuations. The most prominent of these dips is a 30 excess around
my = 145 GeV.
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Figure 5.25 Expected and observed upper limits at 95% CL on the signal strength of
the SM Higgs boson production and decay into four leptons as a function of myj.



Chapter 6

Properties of the New Boson

In this chapter we examine and measure the properties of the Higgs boson can-
didate whose existence we established in the previous chapter. We start by performing a
measurement of the mass and width of this particle. We then measure its signal strength
with respect to the predicted cross-section of the production and decay of the SM Higgs
boson at the measured mass value. Finally, we end the chapter by probing its spin and

parity quantum numbers.

6.1 Mass Measurement

In order to measure the mass of the Higgs boson candidate, we construct the
likelihood function with two parameters of interest - namely the signal strength (u)
and the mass (myp). The best estimate of my can then be obtained by scanning the
likelihood to find the point where the y? function is at a minimum. The procedure is
discussed in greater detail in Sec. 3.3. To construct the likelihood function we improve
upon the 2D (myy, Kp) model by adding a third dimension corresponding to the event-
by-event uncertainty on the measured value of m4y. The motivation for adopting this
3D approach is as follows. When we construct the p.d.f. for the mass shape of the
signal, we essentially model the average detector response to signal events. If we have
a large ensemble of signal events, its my, distribution will indeed be described by this
averaged p.d.f. However, in the H — ZZ — 4/ analysis we only have ~ 20 signal

events at hand. If we are lucky some of these events could have a smaller uncertainty

159
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on the measured mass compared to the average resolution. In order to make optimal
use of available data, we should give a larger weight to events that are measured more
precisely than the average expectation. This is achieved by substituting the o-parameter
of the dCB function used to model the detector resolution with the event-by-event mass
uncertainty. The inclusion of the event-by-event mass uncertainties leads to an eight
percent reduction in the expected uncertainty on the mass measurement with respect to
the 2D analysis. Similarly, it improves the expected results for the width measurement

which is discussed in the next section by ten percent.

6.1.1 Evaluation of Event-by-event Mass Uncertainty

The event-by-event mass uncertainty is measured by propagating the uncertainty
on the momentum of each of the four leptons to measured mass value. In the case
of muons, the momentum uncertainty is estimated from the track fit. In the case of
electrons, the momentum uncertainty is estimated by using a multivariate regression
that combines the uncertainties on the ECAL energy and the track momentum. This
regression algorithm takes the same set of inputs as those used in the regression employed
for assigning the electron momentum.

The total four-lepton mass uncertainty (6y,,,) is evaluated as the quadrature sum
of the mass uncertainties obtained by propagating the momentum errors of each of the
four leptons. This uncertainty is then calibrated in data and in simulation by using J /¥
and Z resonances for muons and just the Z resonance for electrons. These resonances
are modeled by using a convolution of the BW function with a dCB function. The o-
parameter of the dCB function is set equal to o,,,, = A X 64,,,, and a fit is performed to
obtain the value of A which is computed for different ranges of pr and n of the leptons.
The A calibration factor is found to be ~ 1.2 for electrons and ~ 1.1 for muons. Fig. 6.1
shows the distribution of event-by-event mass uncertainties estimated for four-lepton
events in the mass range of 80-100 GeV. These events almost entirely belong to the
s-channel qq¢ — ZZ — 4/ process which peaks at the Z-boson mass of 91 GeV as seen

in Fig. 5.17.
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Figure 6.1 Distribution of the mass uncertainty of four-lepton candidates in the mass
range of 80-100 GeV.

6.1.2 Construction of the 3D Model Using Event-by-event Mass Un-

certainties

The three-dimensional p.d.f.s that include the event-by-event mass uncertainties

are constructed using the following relations for the signal and background processes.

Psig (Kp, mag, 6my,mu) =  Pag (Kp|mag) X Psig (maglmu) X Psig (Omy, |mu) 6.1)

Pyrg (Kp,mag, dimy,) = Pyg (Kplmag) X Pog (mag) X Pog (0my,)
where p,,, = Om,,/Mmas is the relative mass uncertainty. The reason to use the relative
mass uncertainty in the construction of the 3D model is that it has very little dependence
on myy. This is an important consideration since eq. 6.1 is valid only when the variable
used to represent the mass uncertainty is uncorrelated with my4y and Kp. The correlation
between Kp and 6,,,, is confirmed to be negligible in simulation.

The shape of §,,,, is modeled by using a sum of the Landau and Gaussian

40
functions. In the case of the signal and the ZZ background, the 6,,,, is derived from
simulation while in the case of the Z 4+ X background, it is obtained from the Z + 2 loose
leptons control sample. Fig. 6.2 and 6.3 show the distributions of 6,,,, in the 4y, 2e2u

and 4e channels for a 126 GeV Higgs boson signal and the dominant ZZ background.
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Figure 6.2 Distributions of the relative mass uncertainty 6,,,, in 4y (left), 2e2p (middle),
and 4e (right) events from the decay of a 126 GeV Higgs boson.
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Figure 6.3 Distributions of the relative mass uncertainty 6,,,, in 4 (left), 2e2p (middle),
and 4e (right) events corresponding to the ZZ background.

6.1.3 Results

Fig. 6.4(a) shows the scan of the profile likelihood as a function of my while
Fig. 6.4(b) shows the scan of the likelihood as a function of both the signal strength
and my . We find that the best estimate of the mass of the Higgs boson candidate
is 125.6 £+ 0.4(stat) £0.2(syst) GeV. The measurement is dominated by the statistical
uncertainty of 0.4 GeV. The systematic uncertainty of 0.2 GeV can almost entirely be
attributed to the scale uncertainty. Table 6.1 lists the measured values of my in the

three individual channels.

6.2 Width Measurement

In order to measure the width of the Higgs boson candidate we use the same
three-dimensional model that was defined in the previous section. While performing the
mass measurement we use a dCB function to model the signal shape. As was discussed

in Sec. 5.4.1 this is a valid approximation for a SM Higgs boson with mass less than
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Figure 6.4 Fig.(a) shows profile likelihood distribution as a function of my. The signal
strength is profiled in this distribution. Fig.(b) shows the scan of the likelihood as a
function of both signal strength and my.

Table 6.1 Best fit mass of the Higgs boson candidate measured in the 4u, 4e and 2e2u
channels individually and in the combination of the these channels.

Channel Measured Mass
(GeV)
4p 125.1705
2e2p 126.370%
4e 126.2113
A0 125.6 & 0.4(stat) £0.2(syst)

180 GeV since its width is expected to be much smaller than the detector resolution.
But when performing the width measurement itself, we need to revert back to the signal
model in which we take a convolution of the dCB function with the BW function. The
I' parameter of the BW function (see eq. 5.2) now becomes our parameter of interest.
In order to measure I' we perform a likelihood scan wherein the signal strength and
the mass are profiled along with the nuisance parameters. Since we are dealing with a
three-dimensional model the likelihood scan becomes computationally quite intensive.
The bottle-neck lies in the evaluation of the convolution of the dCB and BW functions.
One possibility is to perform the convolution numerically using Fast Fourier Transform

(FFT) technique. However, this approach is found to be too slow. An alternate approach
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is adopted in which the convolution is performed analytically using an approximate

functional form for the dCB function. The method is described below

6.2.1 Analytical Evaluation of the Convolution Function

In order to explain how the convolution is performed we start with a single-sided

Crystal Ball (CB) function. The CB function is defined as follows

e (@=w0)?/20" if —a<(z—m)/o
fep(z; o, m, z0,0) = (6.2)
AB —=2)"" if (x —x0) /o < «

o

where A = (g)n X 6_0‘2/2, B = (g — a). Essentially, a CB function has a polynomial
tail only on one side as opposed to the dCB function which has polynomial tails on both
sides. The CB function can be recast as a Gaussian function (G) extending over all

values of x and an additional tail function (7). In this form, the CB function becomes

fe(zsa,n,mo,0) = G(z;20,0) + T(x;0,m, 20, 0)
(z—xq)?
G(z;x0,0) = e 3P for —co< <00
) (6.3)

(z—zq)

A(B—2=20)n _ ¢ 5 if 2= < g

T(z;a,n,x0,0) =

0 otherwise
The CB function decomposed into the Gaussian and tail functions is shown in Fig. 6.5.
The convolution of the CB and BW functions can be written in terms of the Gaussian

and tail functions as :

o0

fevenw(@) = [ Glo—phawtay+ [ Te-phowlay (64

— 00

The convolution of the Gaussian and BW functions is called the Voigtian function.
There exist fast lookup tables for the Voigtian function which can be used for quick
computation of the Gaussian core of CB ® BW. However, the convolution integral of
the tail function [Eq. 6.3] and BW cannot be evaluated analytically. Therefore, we

recast the tail function using an approximation of its actual shape and then use this
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Figure 6.5 Crystal Ball function (black curve) can be written as a sum of the Gaussian
core (blue curve) and the tail (red curve).

approximation to evaluate the convolution integral analytically. This approximate form

of the tail function is as follows

T(z;,n, 0,0) = a(EZ2 t+a)P+ (R +a) if —a-f<E0 < —a
0 otherwise

(6.5)

The motivation for this form is the following. When «x is far away from the

peak of the CB function, the value of T'(z) is essentially driven by the power law since
the Gaussian exponential dies off quickly. In this region the value of T'(z) can be
approximated from the power law alone. The range of z in which the power law is a
good approximation for T'(z) is determined by the parameter [ in eq. 6.5. In the range
—a — f < ¥ < —a, the tail function is approximated by a quadratic function. The
quadratic is constrained so that it goes to zero at *—*¢ = —a. The parameters c; and cz
are determined from boundary conditions at *—* = —a — 3 requiring the approximate
tail function and its derivative to be continuous. This approximation of the CB function
is shown in Fig. 6.6. Typically, setting the value of 5 between 2.3 to 2.7 yields good
agreement between the approximate and exact CB shapes. In Fig. 6.6 the value of [ is

set to 2.3. The advantage of expressing T'(z) in the above form is that we can perform
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the integral [*° T'(z —y)few(y)dy analytically. This means that we can hard-code the
form of the convolution function fcpgpw(x) into the likelihood which avoids the need
to perform a numerical integration. This helps to substantially reduce the computation

time required to perform the width measurement.

3 %\ T ‘ 1T ‘ T T 1T T T I 1T T \%
(U- r | —— CB(x) B
| —— G(x) B

" T(x) 1
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Figure 6.6 The tail function (red curve) of the CB function (black curve) is approximated
as the green curve and the corresponding CB shape obtained on adding the green curve
with the core Gaussian (blue curve) is shown by the orange curve. § = 2.3 is used for
obtaining the green and orange curves.

In the case of the dCB function, the convolution integral can be written as

oo o0

facsenw (@) = / 7 Gla ) fow()dy + /_ Ty (x — y) fow (y)dy + / Tr(x — ) fow (y)dy
(6.6)

where T7,(x) and Tr(x) are the tails on the left and right side of the peak respectively.
While T (z) is identical to the tail T'(x) of the single-sided CB function, the convolu-
tion integral of Tr(z) can be computed in an analogous manner to the convolution of
T'(z). Fig. 6.7 shows the comparison between fycpgpw shapes obtained using numerical

integration and the analytical approximation.

6.2.2 Results

Fig. 6.8 shows the profile likelihood distribution as a function of the total width

of the Higgs boson candidate (I'yy). From this plot we can infer an upper limit of 3.6
GeV at 95% CL on I'y.
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Figure 6.7 Comparison is shown between the shapes obtained by performing the convo-
lution of a dCB function with the BW function using numerical integration (red curve)
and using the analytical approximation described above (blue curve). In this figure, the
dCB function has zg = 0,0 = 1,ar, = ag = 1,n;, = ng = 2 and the BW function has
r=1.
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Figure 6.8 Profile likelihood distribution as a function of the total width (T'y) of the
Higgs boson candidate.

6.3 Signal Strength

One important test of compatibility between the Higgs boson candidate and

the theoretical prediction of the SM is the estimate of the signal strength parameter.
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Table 6.2 lists the best fit values of signal strength obtained from the three-dimensional
likelihood in each of the three individual channels and their combination. The fit is
performed by fixing the value of my to 125.6 GeV. The signal strength is estimated
to be 1.04f8:%§(stat) J_rgj[l)g(syst), which implies that the event yield of the Higgs boson
candidate is consistent with the SM prediction.

Table 6.2 Best fit mass of the Higgs boson candidate measured in the 4u, 4e and 2e2u
channels individually and in the combination of the these channels.

Channel Signal Strength
Ap 0.931037
2e241 1.091037
de 1187072
40| LOAEG3(stat) Fios(syst)

6.4 Spin and Parity

The standard model Higgs boson is a scalar particle. The Higgs field remains
invariant under boosts or rotations, and unlike a pseudoscalar it does not change sign
under a parity transformation. In order to establish the standard model credentials
of the Higgs boson candidate found in data, it is important to ensure that it has zero
spin, and a parity quantum number of +1. To study these properties let us consider
the interaction amplitude between a generic spin-zero particle and a massive vector field

Z*. This amplitude can be written as follows [167,168,171]

A = Uﬁleiufzy (alg;wm2H + a2qu49, + a?ﬁaﬁ,uuquqy)

= Aj+ A+ As

(6.7)

where ¢€; and ¢; are the polarization vectors and momenta of the two Z bosons coupling
to the Higgs field, a1, az and a3 are coupling constants, and e,g,, is the Levi-Civita
anti-symmetric tensor. The term A; in eq. 6.7 represents the SM interaction between

the Higgs and the Z fields at tree level. The amplitude term As represents the coupling
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between a pseudoscalar particle and the Z fields, while the Ay term models the inter-
action of a scalar particle that does not participate in electroweak symmetry breaking.
From these amplitudes we can construct three models of spin-zero particle interactions:
model OérM corresponding to amplitude A;, model 0~ corresponding to amplitude As,
and model O; corresponding to amplitude As. The kinematic differences between these
models get reflected in the distributions of the decay variables as shown in Fig. 6.9. For
example, in the case of a scalar particle the decay planes of the two Zs are more likely
to be parallel (the decay angle ® peaks at 0 or ) while in the case of a pseudoscalar
particle they are more likely to be perpendicular (® peaks #+7/2)!. We can therefore
use the decay variables to construct discriminators that can help to distinguish between
the models. Let us now consider a hypothesis test through which we can examine the
compatibility of the particle observed in data with the SM Higgs boson (OérM) and a

pseudoscalar (07).

Figure 6.9 Distributions of the decay angles ® (left) and cos(f;) (center), and the mass
of the Z, candidate (right). The O§M model is shown in red, the 0~ mode is shown in
blue, while the 0; model is shown in green. The plots are taken from ref. [168].

6.4.1 Test of Pseudoscalar v/s Scalar Hypothesis

In order to test the signal model, we need to construct an analysis that can firstly
isolate the signal events from the background, and then discriminate these signal events
based on their parity. This is achieved with the help of two discriminators. The variable
Dyg helps to isolate signal events from the background and is constructed using the

following formulation

!This can be intuitively understood through C. N. Yang’s paper [172] in which he showed that when
a scalar particle decays to two photons, the linear polarization planes of the photons are aligned, while
in the case of a pseudoscalar the polarization planes are orthogonal to each other.
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R -1
fbkg (QamzlamZ2|m4£) X Pbk’g (m4£)

Dbkg = |1+ (68)

fsig (Q,mzl,mz2\m4e) X Pyig (mae|mu)
where fgiq (ﬁ,mzl,mzz|m4g> and fyrg (ﬁ, le,mZQ\mM) are the likelihood functions
as defined in eq. 5.10 that were used in constructing the kinematic discriminant for the
2D search analysis in the last chapter, while Py;q (mae|mmu) and Pyrg (mae) are the shapes
of the signal and background mass distributions respectively. The variable Dy, effec-
tively combines the information of the production and decay angles, the Z masses, and
the four-lepton mass into a single discriminant. Fig. 6.10(a) shows the Dy, distribution
of four-lepton events in data compared to the signal and background expectation. The
4¢ events in the spin-parity studies are required to be in the mass window of +15/-20
GeV around the best fit value of my. We can see in Fig. 6.10(a) that the signal events
are mostly concentrated in the region Dy, > 0.5 while the background is concentrated
in the region Dy, < 0.5.

We now define a second variable that helps to discriminate between the OérM
model which we treat as the null hypothesis, and the 0~ model which is treated as the

alternate hypotheses. This variable Dj- is defined as follows

5 —1
Jo- (Qa mZumZz‘mM)

f();rM (Qa mz,,mz, ‘m4ﬁ>

(6.9)

where fy- and f0§’M are the likelihood functions derived from the matrix element ampli-
tudes of the 0~ model and Ong models respectively. Fig. 6.10(b) shows the distributions
of this discriminant in the signal-enriched region of Dygy > 0.5.

In order to perform the hypothesis test a binned two-dimensional likelihood is
constructed using the Dy, and Dy- variables. As described in Sec. 3.5 we define a
test statistic ¢ = —2 x log(Lg-/ LoﬁsuM) and obtain the distributions of this test statistic
for the 0~ and OérM models from a large set of pseudoexperiments. These distributions
are shown in Fig. 6.11 along with the observed value of q. The pseudoexperiments are
generated assuming signal yields obtained from the best fit values of signal strength for
each of the two models. The expected separation between the two hypotheses is 2.40.

The consistency of the observed test-statistic (gops) with the 0§LM hypothesis is quantified
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Figure 6.10 Fig.(a) shows the distribution of Dy, in data compared to the signal and
background expectation for four-lepton events in the mass range of 105.6-140.6 GeV.
Fig.(b) shows the distribution of Dy- in events with Dy, > 0.5.

by the p-value P(q < qobs\ﬂsogM + B), which is found to be —1.00. The negative sign
is used to simply indicate that g.s falls on the right of the median expected value
of the 0§LM hypothesis distribution. Similarly the consistency of of ¢.s with the 0~
hypothesis can be quantified by the p-value P(q > qups|ftSo- + B), which is found
to be 3.80. We can also define a CLg criterion (see Sec. 3.6.3) given by the relation
P(q > qobs|tSo- + B)/P(q > qObSmSogM + B), whose value is found to be 0.05%. We
can therefore infer that the pseudoscalar hypothesis is disfavored in comparison to the

SM hypothesis at 99.95% CL.

6.4.2 Measurement of f,3

The hypothesis test performed in the last section assumes that the signal is a CP
eigenstate. However, the Higgs boson candidate could possibly be a mixture of CP-odd
and CP-even eigenstates. This would happen if both a; and a3 are non-zero in eq. 6.7.

To see if this is the case, a parameter called f,3 is defined as follows

|as|?o3

fa3 =

= 6.10
|a1\201 + ’a3‘203 ( )

where o; are the effective cross-sections for the scenarios a; = 1,aj%; = 0. The values

of o; can be slightly different from each other due do interference effects in the 4e and
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Figure 6.11 Distribution of the test statistic ¢ = —2 x log(Lg- /L0§M) assuming the 0~

model (blue) and the 04y (vellow). The red arrow points to the observed value of the
test statistic (gops)-

4p final states. In this formulation we have assumed as = 0. We should keep in mind
that f,3 is not a measure of the mixture of the CP-odd and CP-even eigenstates. The
parameters a; and a3 depend not only on the fraction of the CP-odd and CP-even states
but also on the strength with which these states interact with the Z bosons which may
not necessarily be equal. In order to perform a fit of the f,3 parameter we define a

likelihood function as follows

Ly, = (1- fa3)L0§rM + fa3Lo- (6.11)

where LOQM and Ly- are the 2D binned likelihood functions for the pure OgM and 0~
models that we used to perform the hypothesis test in the last section. Fig. 6.12 shows
the scan of of the likelihood function Ly .. The best-fit value of f,3 is found to be

0.0070:00, and fq3 < 0.47 at 95% CL.
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Figure 6.12 Expected and observed x? distributions shown as a function of f,3. The
best fit value of f,3 is O.OOJ_rg:ég, and f,3 < 0.47 at 95% CL.

6.4.3 Tests for Other Spin-parity Models

It is possible to extend our investigation to include several other spin-parity hy-
potheses [167,168,171]. We can construct the amplitude functions for a generic spin-one
and a spin-two particle similar to the spin-zero amplitude of eq. 6.7 and then use these
functions to build discriminants (D ;r) for several spin-one and spin-two hypotheses.
However, we need to be mindful of the fact that the D ;r discriminant of a spin-one or
a spin-two particle is sensitive to the signal production mode. This dependence enters
through the two production angles 6* and ®;. Therefore while performing hypothe-
sis tests two scenarios are considered - exclusive gluon fusion production and exclusive
vector boson fusion production. For spin-one hypotheses only the quark induced VBF
production is considered since gluon fusion is expected to be strongly suppressed. We
can remove the dependence on the production angles by integrating them out while
constructing the kinematic discriminants. These discriminants are represented as Dg,j;,
and Dg%c where the superscript ‘dec’ indicates that only the decay information is used.

Table 6.3 lists the various spin-parity models that have been considered. Table 6.4 gives

the results of the hypothesis tests performed on each of these models. The spin-one
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models are excluded at a confidence level of 99.9% or higher, while the spin-two models
are excluded at 95% CL or higher. A hypothesis test of the 0; model corresponding
to the Ay amplitude in eq. 6.7 is also performed and the model is disfavored at 95.5%
CL. Fig. 6.13 shows a graphical representation of the expected and observed separation
between the various spin-parity models and the SM hypothesis. Overall we see that the
data is consistent with the SM Higgs boson.

Table 6.3 Spin-parity models used for performing hypothesis tests in addition to the
pseudoscalar model.

Discriminant | Model

Doj; Non-SM scalar with higher dimension operators (Oz)

Dq- Exotic vector, VBF

D+ Exotic pseudovector, VBF

Dgf’r Graviton-like with minimal couplings, gluon fusion

Dgﬂlr Graviton-like with minimal couplings, VBF

Dg?F Graviton-like with SM in the bulk, gluon fusion
b

D;gF Tensor with higher dimension operators, gluon fusion
h

Dgg Pseudotensor with higher dimension operators, gluon fusion
h

foc Exotic vector, decay only information

D‘i'lff Exotic pseudovector, decay only information

Dgic Graviton-like with minimal couplings, decay only information
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Figure 6.13 Expected and observed separation between the different spin-parity models
and the SM hypothesis. The orange bands represent the 1o, 20 and 30 spread around
the median expectation for the SM hypothesis. Similarly, the blue bands represent the
alternate J¥ scenarios.
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Table 6.4 Results of the hypothesis tests performed on spin-parity models listed in
Tab. 6.3. The expected separation between a given J¥ hypothesis and the SM is com-
puted by using the signal strength p obtained from a fit to the data. The observed
separation shows the consistency of data with the SM hypothesis and a given J* hy-
pothesis. The confidence level for the exclusion of a given hypothesis is computed using
the CLg criterion. We see that all the alternate spin-parity hypotheses are excluded at
a confidence level greater than 95% in relation to the SM. In particular, the spin-one
hypotheses are excluded at greater than 99.9% CL. The O}T hypothesis is excluded at
95.5% CL. In the case of the spin-two models, we find that except for the QI hypothesis
which is excluded at 97.7% CL, all the spin-two models are excluded at 99% CL or
higher. All the spin-parity models under consideration except for the 2}’: and 2,  models
have an observed p-value that is smaller than (or in other words they have a larger
observed separation) than the expectation. This can be attributed to the correlations
between the various models, particularly in the Z> mass shapes.

J¥ model J¥ Production Expected Obs. 0F Obs. JF CL;g
0, any 1.70 —030 4210 4.5%
1~ qq— X 2.70 —1.40 +4.70  0.002%
1~ any 2.50 —1.80 +4.90  0.001%
1+ qq — X 2.10 —1.50 +4.10 0.02%
1+ any 2.00 —2.10 +4.80  0.004%
2. g9 — X 1.90 ~1.10 +3.00 0.9%
2t qq — X 1.70 ~1.70 +3.80 0.2%
2 any 1.50 —1.60 +3.40 0.7%
2 g9 — X 1.60 —1l.4o0 +3.40 0.5%
2, g9 — X 3.80 +1.80 +2.00 2.3%
2, gg — X 420 +1.00 +3.20  0.09%

Chapter 5, in full, is the reprint of the material as it appears in “Measurement
of the properties of a Higgs boson in the four-lepton final state”, by CMS Collaboration,
Phys. Rev. D 89 (2014) 092007. The dissertation author was the primary investigator

and author of this paper.



Chapter 7

Summary and Outlook

In the previous chapters we have discussed the search for the SM Higgs boson in
the CMS experiment through the lens of the H — ZZ channel. We have seen conclusive
evidence of a Higgs boson candidate with a mass of 125.6 £ 0.4(stat)=£0.2(syst) GeV.
The signal yield is found to agree with the SM prediction. Moreover, the spin-parity
character of this particle is found to be consistent with a scalar boson as expected in
the SM. But in order to fully explore and appreciate the role of this particle in the
framework of the SM we need to go beyond the H — ZZ channel and look at the
interaction of the Higgs boson candidate with other particles. As we saw in Sec. 1.3.4
the Higgs boson is expected to decay into a pair a photons, a pair of W bosons and
also to a pair of fermions apart from decaying into a pair of Z bosons. We will look
at the results of these searches performed in both the CMS and ATLAS experiments
in the next section. Having seen evidence of the Higgs boson across different channels
we collate the information from these channels to test the consistency of the SM. In
particular, it is of interest to address the following questions. Does the observed yield of
the Higgs boson signal agree with the SM prediction across the different decay modes?
Do we have a consistent measurement of the mass of the Higgs boson candidate across
channels (at least the two most sensitive ones, namely H — ZZ — 4¢ and H — ~v)
and across experiments? A crucial feature of the Higgs sector is the custodial symmetry
which helps to constrain the relation between the masses of the W and Z to all orders
of radiative corrections. Do we see evidence of this feature of the SM in data? Lastly

does the Higgs boson give us a glimpse into the physics beyond the SM? In a way, the

176
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interactions of the Higgs boson are encoded in its natural width. And so, any deviation
of the width of the Higgs boson candidate from the SM expectation would be a clear
indication of new physics. In the following sections, we will discuss all these questions

one by one.

7.1 Higgs Boson Searches in ATLAS and CMS

In the previous chapters we have discussed the search for the SM Higgs boson in
the CMS experiment through the lens of the H — ZZ channel. We have seen conclusive
evidence of a Higgs boson candidate with a mass of 125.6 + 0.4(stat)=£0.2(syst) GeV.
The signal yield is found to agree with the SM prediction. Moreover, the spin-parity
character of this particle is found to be consistent with a scalar boson as expected in the
SM. Similar results have also been reported by the ATLAS experiment which observes
a 6.60 excess in the four-lepton final state at a mass of 124.3 GeV [173], as shown in
Fig. 7.1. Moreover, this resonance is found to be consistent with a scalar particle and
several alternate spin-parity hypotheses have been excluded at a confidence level greater
than 97% [174].

Going beyond the H — ZZ channel, there is also corroborative evidence of a
Higgs boson candidate decaying to two photons in the H — ~~ searches in both the
CMS and ATLAS experiments [175-177]. As shown in Fig. 7.2 the CMS experiment
observes a 5.70 excess at the mass of 124.7 GeV, while the ATLAS experiment observes
a maximum of 7.4¢ local significance at mp = 126.5 GeV. In the third diboson channel,
namely H — WTW ™, both experiments report a broad ~ 40 excess which is consistent
with the prediction of the SM Higgs boson with a mass of 125 GeV [178-180].

The coupling of the Higgs boson to the fermionic particles is another crucial piece
of the SM. As we have seen in Sec. 1.3.3 the Higgs boson is mainly produced at the LHC
through gluon fusion involving a top-quark loop. Therefore, the observed signal strength
of the Higgs boson candidate helps to constrain the interaction between the Higgs boson
and the top quark which is an up-type quark. In order to probe the coupling between the
Higgs boson and down-type quarks, we need to directly measure the rates of the Higgs

boson decay to fermions such as the bottom quark and the tau lepton. The ATLAS
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Figure 7.1 The four-lepton mass distribution observed in the H — ZZ — 4/ search
performed by the ATLAS experiment is shown on the left. Plot on the right shows the
corresponding p-value scan as a function of myj.

experiment has reported a 4.1 excess in the H — 777~ channel that is consistent
with a 125 GeV Higgs boson [181], but it does not observe any significant excess in the
H — bb channel [182]. Fig. 7.3(a) shows the ditau mass distribution observed in the
ATLAS H — 77~ analysis. The CMS experiment observes a 3.20 excess in H — 777~

channel [183] and a 2.1¢ in the H — bb channel [184] for my = 125 GeV. The combined
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Figure 7.2 The p-value distribution in the H — ~~ search performed by CMS (left) and
ATLAS (right).
significance of these two down-type fermionic channels is found to be 3.80 [185] as shown

in Fig. 7.3(b). A clearer understanding of the fermionic interactions of the Higgs boson

candidate will only emerge with more data.



180

——
ATLAS Preliminary —— Data

20 B
[ ThadThag VBF+Boosted — H(125)— 11 (u=1.4) -
C e Bz
1i 5_— J Ldt=2031b Il Others
{s=8TeV I Multijet

772, Uncert.

In(1+S/B) w. Events / 10 GeV

10
5F-
ot
2 5L Huzsorretd) ]
M F o H(110)— 1t (u=1.8) 1
o [ ==== H(150)— 17 (1=5.9)3mau b
= i R i i ) SO ]
D L o H n
= 0 o , 1
e by b ey b b
60 80 100 120 140 160 180 200
mMC [GeV]
(a)
CMS [s=7TeV,L=5%" {s=8TeV,L=19-20b"
o F —
S10% VH — bb o (exp.) = (obs.)
g E VH = 1t v (exp.) —+ (obs.)
2 q0 H — 1t (non-VH) -=- (exp.) - (obs.)
S F Combined o (exp.) —e-(obs.)
3 1;
10"%
10'2§
10'3;—
10"%
10-5% . o
E ....... P TPPPPEILL @rremmnttt
10°E
i | I | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | I | |
110 115 120 125 130 135
m, (GeV)
(b)

Figure 7.3 Fig.(a) shows the ditau mass distribution in the H — 77~ search performed
by the AT[_JAS experiment. Fig.(b) shows the p-value distributions for the H — 777~
and H — bb searches in the CMS experiment and their combination.

7.2 Mass of the Higgs boson

The evidence from all the Higgs boson searches suggests that we have indeed

discovered the SM Higgs boson. The mass of the Higgs boson is the last input necessary
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to complete the description of the SM. From an experimental point of view, the H — ~~
and H — ZZ — 4/ channels provide the most sensitive measurements of my. Both of
these channels can measure the mass of the Higgs boson at sub-percent level precision.
Table 7.1 lists the best fit values of mp measured in these two channels by the ATLAS

and CMS experiments. The results are consistent with a 125.6 GeV Higgs boson.

Table 7.1 Best fit mass of the Higgs boson candidate measured in H — vy, H - ZZ — 4/
channels by the CMS and ATLAS experiments.

Channel Measured Mass
(GeV)
CMS H — vy 124.72 £ 0.31(stat) £0.16(syst)

CMSH—ZZ — 4 125.6 + 0.4(stat) £0.2(syst)
ATLAS H — 77 126.8 £ 0.2(stat) £0.7(syst)

ATLAS H — ZZ — 40 | 1243758 (stat) 05 (syst)

7.3 Signal Strength of the Higgs Boson

The standard model gives a very precise prediction for the production and decay
of the Higgs boson at the LHC. As a result, the signal strength parameter p provides
a crucial input in establishing the consistency of the observed rate of signal events in a
given final state with the SM expectation. A significant deviation of y from unity would
be indicative of some new physics beyond the SM. Fig. 7.4 shows the measured values
of v in different channels across the CMS and ATLAS experiments. We find the data

to be consistent with the SM.

7.4 Width of the Higgs Boson

The width of the Higgs boson provides a crucial probe of physics beyond the SM.
All the particles that interact with the Higgs boson contribute directly to the natural
width of the Higgs resonance. Therefore a significant deviation of the Higgs boson

width from the SM expectation implies the existence of physics beyond the SM. The
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Figure 7.4 Measurements of the signal strength p in the different Higgs decay channels.
The measurements performed by ATLAS are shown in black while the measurements
performed by CMS are shown in blue. The results are consistent with unity within two
standard deviations. The signal strength reported for the ZZ channel from CMS is taken
from [125] and is different from the result quoted in the thesis. The measurement of p
in [125] is performed by separating the four-lepton events in VBF-tagged and untagged
categories and then employing a different 3D fit that takes into account the kinematics of
the VBF and gluon fusion events but does not use the event-by-event mass uncertainties.

total width of a 125 GeV Higgs boson is about 4 MeV. A direct measurement of the
Higgs boson width from the signal resonance is not sensitive to such small values. As
discussed in the last chapter such a measurement in the H — ZZ — 4/ channel yields an
upper limit of 3.6 GeV at 95% CL. Here, we are essentially dominated by the momentum
resolution of the detector which is several orders of magnitude worse than the expected
Higgs boson width. However, it has been recently shown that the off-shell contribution

of the Higgs boson signal can help to dramatically improve the sensitivity of the width
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measurement [186,187]. In the off-shell region with high (mzz > 200 GeV or so), the

overall process gg — 4¢ process can be modeled as follows

ngﬁ4€ = Mrng%H%ZZﬁ\M + vV ,UJrPinterference + nga4£ (71)

where P11 7740 is the probability distribution of signal events in the off-shell region,
P,y .4 is the probability of the gg — ZZ background, and Pjterference is the interference
term between the signal and the background [188]. The parameter y represents the signal
strength measured from the on-shell region and r = I'/T'y is the ratio of the observed
width to the expectation for a 125.6 GeV SM Higgs boson.

During the writing of this thesis, the CMS experiment experiment has reported
a measurement of the Higgs boson width using off-shell events [189]. The measurement
combines the results from the H - ZZ — 4¢ and H — ZZ — 2{2v channels using
the 8 TeV dataset. Fig. 7.5 shows the x? distribution as a function of the parameter r.
The observed value of r is found to be 0.3:1):2 with an upper limit of » < 4.2 at 95%

CL. The Higgs boson width has therefore been constrained to within four times the SM

expectation.
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of r is 0.3733 and r < 4.1 at 95% CL.

7.5 Test of Custodial Symmetry

In the SM, the Higgs potential (Eq. 1.9) has a global SU(2), x SU(2)g symmetry
which gets broken due to the BEH mechanism down to the diagonal SU(2) subgroup.
The symmetry associated with this subgroup is known as the ‘custodial symmetry’.
This is not an exact symmetry of the SM and it is explicitly broken by the Yukawa and
the U(1)y gauge interactions (If this were to be an exact symmetry, the up-type and
down-type quarks would have the same mass). Nevertheless, the custodial symmetry
helps to protect the tree level relation between the W and Z boson masses (My =
Mzcosbyy) from large radiative corrections, and so it forms a crucial feature of Higgs
sector [190,191]. The custodial symmetry can be tested in data by measuring the
consistency of the ratio of the couplings between the W and Z bosons and the Higgs
boson with unity. In other words, if we assume ky and Kz to be the scale factors
that modify the strength of the SM Higgs boson couplings to the W and Z bosons
respectively, then we expect the measurement of A\yyz = Ky /kz to be consistent with

unity if the custodial symmetry is valid. The results for this measurement are shown in
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Fig. 7.6 [192]. Two scenarios are considered. In one case, the fermionic couplings of the
SM Higgs boson are fixed to the SM expectation, while in the other case the fermionic
couplings are themselves profiled from data. We can see that Az in consistent with

unity in either case.
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Figure 7.6 Plot on the left shows the measurement of Ayyz performed using untagged
(gluon fusion enriched) H — WTW ™ — 2/2v and all-inclusive H — ZZ — 4/ events.
In this measurement the fermionic couplings of the Higgs boson are fixed to the SM
expectation. Plot on the right shows the measurement of Ay 7 performed by introducing
an additional fermionic coupling modifier £y which is then profiled from data.

7.6 Theoretical Implications of a 125 GeV Higgs

Boson

The value of the Higgs boson mass is critical in establishing the consistency and
calculability of the SM at high energies. A Higgs boson mass of 125 GeV is consistent
with the unitarity constraints imposed by the weak diboson scattering process. More-
over, my ~ 125 GeV implies that the parameters of the SM including the Higgs quar-
tic coupling A remain perturbatively calculable right up to the Planck scale (Mpianck)-
Fig. 7.7 shows the evolution of A as a function of the renormalization scale for my = 125.7
GeV [193-196]. The quartic coupling needs to be positive for the vacuum state to have
a lower bound and hence be stable. We find that A becomes negative at an energy scale
of about 10'° TeV. This raises the possibility of new physics emerging at an interme-

diate scale below Myancr. However, the probability to tunnel out of the SM vacuum
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remains larger than the age of the universe thus making the electroweak vacuum state

metastable.
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Figure 7.7 The evolution of the quartic coupling of the Higgs potential as a function of
the renormalization scale assuming the Higgs boson mass to be 125.7 GeV.

7.7 Concluding Remarks

This thesis has presented conclusive evidence of the existence of a Higgs boson
decaying to four leptons. Moreover, compelling evidence has been presented to support
the claim that this particle is indeed the Higgs boson of the SM. The Higgs boson
searches at the ATLAS and CMS experiments vindicate the SM which still stands the
test of time. However, some nagging questions concerning the Higgs sector still remain
unanswered. For example, we don’t know what protects the mass of the Higgs boson
from large quantum corrections (the hierarchy problem). We also have no explanation
for the apparently arbitrary structure of the masses of quarks and leptons. These and
several more questions can only be answered through physics which goes beyond the
standard model. The second run of the LHC which is due to start in 2015 may possibly
shed some light on these issues. On the Higgs front, the couplings to fermions still

await a more sensitive investigation. With new data streaming in, it would be possible
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to perform precision measurements of the Higgs boson properties which in turn would
help to probe new physics beyond the standard model. It can only be hoped that more

surprises come along our way in the near future.



Chapter 8

Contributions to the CMS

Experiment

8.1 Electron Isolation

As I end the thesis document I would like to talk about the contributions that
I have to the CMS experimental effort in general and to the CMS Higgs search in
particular. I began my journey into experimental high energy physics in the latter half
of 2009 when LHC was gearing up towards the launch of its first run at /s = 7 TeV.
My first project was to study the isolation properties of electrons. As we have seen in
this thesis, lepton isolation is a crucial discriminant that helps separate the electroweak
processes such as the Z — £T/~ decays from the large QCD background. When I
started my work in 2009 the isolation energy surrounding a lepton was computed by
summing up transverse energy measured around the lepton in the tracker, the ECAL
and the HCAL. The isolation of electrons in particular was complicated by the fact that
electrons radiated photons while traversing through the tracker and these photons, if not
properly accounted for, would ‘spoil’ the isolation measurement by contributing to an
increase in the isolation energy, thereby reducing the efficiency of the isolation selection.
Fig. 8.1 shows the simulated geometrical distribution of ECAL crystals that register a
hit due to an electron of pr € [35,45] GeV. We can see a circular bulge in the n— ¢ space
surrounding the electron’s position on the ECAL surface. This corresponds to crystals

in which the electron dumps its energy. But we also see a strip in A¢ for An ~ 0. These

188
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ECAL crystal hits can be attributed to the photons that the electron radiates. This
feauture had been studied before and a ‘Jurassic veto’ had been designed in which all
ECAL crystals that fall in a certain circle+strip geometry around an electron would be

ignored when computing the isolation sum.
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Figure 8.1 Figure on the left shows the geometrical distribution of the reconstructed
ECAL crystal hits surrounding an electron with pr € [35,45] GeV when the electron falls
inside the ECAL barrel region. Figure on the right shows the corresponding distribution
for electrons that fall in the ECAL endcaps.

The study that I performed [197] showed that such a strip feature was present
not only in the ECAL but also in the tracker as shown in Fig. 8.2 which shows the
geometrical distribution of reconstructed tracks around the same set of electrons. These
tracks come from the conversions of photons that are radiated by the electron. By adding
a strip veto, a considerable improvement was observed in the discrimination between
isolated and non-isolated electrons particularly in the endcaps as shown in Fig. 8.3. This
became the default selection for tracker-based electron isolation in CMS and was used
in many analysis starting from the early measurements of W and Z cross-sections to

several Higgs searches.

8.2 The Higgs Hunt

In 2010, preparations for the Higgs boson search started in full swing as the
experiment transitioned from the commissioning phase to the physics era. This year

being the first year of LHC operarions, a meager 36 pb~! of integrated luminosity was
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Figure 8.2 Figure on the left shows the geometrical distribution of the reconstructed
tracks surrounding an electron with pr € [35,45] GeV when the electron falls inside
the ECAL barrel region. Figure on the right shows the corresponding distribution for
electrons that fall in the ECAL endcaps.
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Figure 8.3 Signal v/s background efficiency curves for different choices of the width of
the strip veto used in tracker-based isolation of electrons in the endcaps.

delivered. Hence the year was spent in planning for the luminosity ramp up that was
poised to happen in 2011, which would bring the Higgs boson searches into focus. At
the time, the Higgs boson searches were confined to the canonical channels, namely
H—ZZ -4, H—WW — 202v, H— vy and H — 7t7~. While these channels were
highly sensitive to a low mass Higgs boson, their reach was not expected to extend much
beyond my ~ 300 GeV with the first couple of fb~! of data that would to be collected
in 2011.

In the summer of 2010, I started exploring the H — ZZ — 2/2v channel to see
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if it could help in improving the Higgs boson search reach in the high mass region. At
the time this channel was not considered to be very useful in the initial phase of data-
taking [198]. However, I was able to show that the H — ZZ — 2¢2r mode was not just
useful but it had the potential to be the most sensitive channel in the high mass region.
I followed this up by performing a feasibility study of the H — ZZ — 2/2b channel,
showing that it too had the potential to help improve the high mass search reach. These
encouraging results prompted me to focus on the H - ZZ — 2£2v channel in 2011.

The task was to transform the feasibility study into a full-blown analysis. A
critical feature of any search analysis is the estimation of the background processes.
I devised strategies for a data-driven estimation for several key backgrounds that are
involved in the analysis. As we have seen in chapter 4, the Z+jets process forms a crucial
background to the H — ZZ — 2/2v signal. We have also seen that this background
cannot be reliably estimated from simulation. This meant that a data-driven technique
was essential to estimate the Z+jets contribution. In the beginning of 2011, I developed
a novel procedure to use vy+jets events in data for estimating this background. Then
I put into place the strategy of using eu events to get a data-driven estimate of the
non-resonant background. By the summer of 2011 I was able to perform a complete
analysis of this mode which was then presented in that year’s EPS and Lepton-Photon
conferences. By the end of 2011, I extended the analysis to the full 5 fb~! 7 TeV dataset
and wrote a paper describing the results that was published in the Journal of High
Energy Physics [166].

With the 2011 data, the CMS and ATLAS experiments were able to exclude
on their own a large swathe of the SM Higgs boson landscape and the focus shifted to
a tiny mass strip between 120-130 GeV. It was clear that if the SM Higgs boson was
sitting in this mass range, the two channels that would show clear signs of its existence
were H — vy and H — ZZ — 4/. This is when I decided to shift my focus on to the
four leptons analysis. Here I contributed to the studies of the reducible background
which needs to be estimated from data. Furthermore, I contributed to the measurement
of the mass and width (width from the on-shell events) of the newly discovered Higgs
boson candidate. This includes the development of the analytical approximation for the

CB®BW convolution which enabled the computation of the width results in a reasonable
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amount of time. All of this work has contributed directly towards the publication of the
H — ZZ — 44 results starting from the discovery paper in 2012 [48] to the Run I legacy
paper in 2013 [199]. I have put together a completely independent analysis framework
with which I have performed the 4¢ analysis that has been presented in this thesis. All
the physics results discussed in chapters 4,5 and 6 with the exception of the spin-parity

studies have been obtained using this analysis framework.

8.3 Detector Work

Over the years I have been an active participant in several activities related to
the CMS tracker and also the track reconstruction effort. For the past four years, I have
served as the contact person for the tracking group tasked with performing validation
of the tracking software in simulation. The CMS software has a release cycle such
that improvements and changes to the software are announced on a regular (weekly
or biweekly). It is my responsibility to validate these changes in the context of track
reconstruction by making detailed comparisons with an earlier software release. Apart
from performing checks on the current state of the tracking software, I also validate the
on-going tracking work in the context of the future upgrades to the CMS detector.

In the last two years I have also been involved in the operations and commis-
sioning activities of the CMS strip tracker. In 2012, while the LHC was delivering data,
I was one of the on-call experts for the tracker data acquisition system. In addition I
have performed several studies concerning the performance of the strip tracker. Using
data collected from a dedicated 2012 commissioning run I studied the time profile of the
signal in different parts of the tracker. Certain delays get introduced in the propagation
of the signal on account of several factors such as hardware response, time of flight of
particles, etc. The readout of the tracker has to be synchronized to account for these
delays. The results of the analysis that I performed are shown in Fig. 8.4. The plot
shows the deviation of the signal peak from the nominal sampling or readout point for
different regions of the strip tracker. As we can see, the tracker readout is synchronized
with the signal within a couple of nano-seconds.

Another study I have performed involves the identification of noisy strips in the
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Figure 8.4 Plot shows the shift in time of the position of the signal peak for the different
parts of the strip tracker.

tracker. We typically expect the strip noise to have a Gaussian shape. However, there
are certain strips that exhibit some abnormalities as shown in fig: 8.5. Such strips need
to be identified so that, if need be, they may be masked from the tracker readout. The
study that I performed was aimed at identifying such strips by performing statistical

tests to check the compatibility of their noise profile with the normal distribution.
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Figure 8.5 Noise distribution of a strip that shows some abnormal, non-Gaussian fea-
tures. The green curve is the attempted Gaussian fit to this distribution.

I have also helped to set up the analysis to estimate the bias voltage to be

applied to the tracker modules based on their noise v/s bias profile. More recently,
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I have been working on upgrading the software interface that is used for performing
various commissioning tasks. As of now I am involved in the commissioning of the

tracker as CMS gears up towards the second run of the LHC.
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