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ABSTRACT

SEARCH FOR A STANDARD MODEL HIGGS BOSON IN CMS VIA

VECTOR BOSON FUSION IN THE H → WW → `ν`ν CHANNEL AND

OPTIMIZATION OF ENERGY RECONSTRUCTION IN CMS USING TEST

BEAM 2006 DATA

YAZGAN, EFE

Ph.D., Department of Physics

Supervisor: Prof. Dr. Mehmet T. Zeyrek

June 2007, 126 pages.

One of the goals of the LHC is to test the existence of the Higgs boson. This

thesis presents a study of the potential to discover the Standard Model Higgs

boson in the vector boson fusion (VBF) channel for the Higgs mass range 120-

200 GeV/c2. The decay of Higgs bosons into the WW ∗ final state with both

W -bosons decaying leptonically is considered. The main backgrounds are tt+ j

and W+W−jj. This study, based on a full simulation of the CMS detector at

the LHC, shows that a 5σ discovery can be done with an integrated luminosity

of 12− 72 fb−1 for 130− 200 GeV/c2 Higgs bosons. Due to the uncertainties in

the backgrounds, it is important to measure the backgrounds from data. This

study shows that the major background can be measured directly to 7% with 30

fb−1. After discovering the Higgs boson, it will be crucial to probe its physical

properties. A method to measure the Higgs boson mass using transverse mass

template distributions is investigated in the VBF channel.
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The performance of the combined CMS electromagnetic and hadronic calorime-

ters (EB+HB) was measured at the H2 test beam at the CERN SPS during 2006

with various particles in a large momentum range, 1-350 GeV/c. Another major

contribution of this thesis is developing the method to optimize the energy recon-

struction for the combined EB+HB system with which the corrected responses

become 100% with 6% fluctuation and the stochastic resolution is improved from

111% to 94%.

Keywords: Higgs Boson, Vector Boson Fusion, CMS, HCAL, Simulation, Test

Beam, Energy Reconstruction

v



ÖZ

CMS’TE VEKTÖR BOZON FÜZYONU İLE OLUŞAN STANDART MODEL

HIGGS BOZONUNU H → WW → `ν`ν KANALINDA ARAYIŞ VE 2006

TEST HÜZMESİ VERİSİ İLE CMS’TE ENERJİ KURULUMUNUN

OPTİMİZASYONU

YAZGAN, EFE

Doktora , Fizik Bölümü

Tez Yöneticisi: Prof. Dr. Mehmet T. Zeyrek

Haziran 2007, 126 sayfa.

LHC’nin amaçlarından biri Higgs bozonunun varlığını sınamaktır. Bu tez Stan-

dart Model Higgs bozonunun vektör bozon kanalında (VBF) keşfedilme olasılığını

120-200 GeV/c2 Higgs kütleleri icin sunar. Higgs bozonunun WW ∗ çiftine ve

iki W-bozonunun da leptonik olarak bozunması durumu göz önüne alınmıştır.

Bu kanal için başlıca arka planlar tt+ j and W+W−jj’dır. CMS detektörünün

tam simulasyonuna dayanan bu çalışma Higgs bozonunun 130-200 GeV/c2 kütle

aralığında 5σ güvenilirliğinde keşfinin 12-72 fb−1 parlaklığında yapılabileceği

gösterilmiştir. Arka plandaki belirsizlikler, arka planın doğrudan deneyde ölçül-

mesini önemli kılmaktadır. Bu çalışma, arka planın %7 hassaslığıyla 30 fb−1’la

doğrudan ölçülebileceğini göstermiştir. Higgs bozonunun keşfinden sonra, Higgs

bozonunun fiziksel özelliklerinin incelenmesi çok önemli olacaktır. Higgs bozon

kütlesinin enine kütle kalıpları kullanılarak deney verileriyle öngörülmesi için bir

yöntem VBF kanalı için öne sürülmüştür.
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2006 yılında EB+HB detektör sisteminin performansı H2’de CERN SPS’de

geniş bir momentum aralığında 1-350 GeV/c test hüzmeleriyle ölçülmüştür. Bu

tezin diğer bir önemli katkısı, EB+HB birleşik sisteminin enerji kurulumu opti-

mizasyon yönteminin geliştirilmesi olmuştur. Sunulan yöntemle enerji tepkileri

%100’e %6 dalgalanmayla düzeltilmiş ve stokastik çözünürlük %111’den %94’e

iyileştirilmiştir.

Anahtar Sözcükler: Higgs Bozonu, Vektör Bozon Füzyonu, CMS, HCAL,

Simulasyon, Test Hüzmesi, Enerji Kurulumu

vii



To Yasemin; to my father, mother and brother.

viii



ACKNOWLEDGMENTS

First of all, I am most grateful to my supervisor Mehmet T. Zeyrek who has

become more of a mentor and friend than a professor with the guidance, moti-

vation and encouragement he provided me.

I would like to thank all the LHC Physics Center staff at Fermilab for their sup-

port. I am grateful to Muzaffer Atac and Jim Freeman without whom I would

not have had the chance to work at the fruitful research atmosphere at Fermilab.

I am indebted to Shuichi Kunori who has been my sensei, teaching and guiding

me through every step of the research leading to my thesis. His expertise, under-

standing and patience added considerably to my research experience at Fermilab.

This work would not have been possible without the assistance of my CMS

colleagues. I would like to thank Dan Green for his insights on the energy recon-

struction and qqH. Many thanks to Jordan Damgov without whom this study

would have been much more difficult to do. I would like to thank Sasha Nikitenko

for his valuable help and useful comments,and Yuri Gerstein for his assistance in

electron identification and selection. I also acknowledge Marek Zielinsky, Nick

Hadley, Philippe Bloch, Albert DeRoeck Micheal Schmidt, Mayda Velasco and

Walter Giele for all their help. I am grateful to Sung-Won Lee for his encour-

agement during test beam analyses and the fruitful test beam meetings. I am

also thankful to Weimin Wu, Rick Vidal, Stefan Piperov, Jordan Damgov and

Taylan Yetkin for their friendship, help and cheerful discussions on physics and

ix



everything else. I would like to thank Patrick Gartrund for his technical support.

Special thanks to Rick Vidal for his valuable comments and suggestions on the

manuscript.

I would like to thank all the members of the METU High Energy Physics Group,

especially Sezen Sekmen for her constant friendship, encouragement and humor.

I am grateful to the High Energy Physics Group at Texas Tech, namely, Nural

Akchurin, Richard Wigmans, Sung-Won Lee, Igor Volobouev, Alan Sill for their

valuable comments, criticism and encouragement.

I also would like to thank my friends O. Barış Malcıoğlu and Emre S. Taşcı
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CHAPTER 1

INTRODUCTION

I’m astounded by people who want to ’know’ the universe when it’s hard

enough to find your way around Chinatown.

- Woody Allen

The Standard Model (SM) of particle physics is the current best mathematical

description of particles and their interactions. Almost all the predictions of the

Standard Model were verified to a very high precision. The theory is based

on local gauge symmetry group SU(3)c ⊗ SU(2)L ⊗ U(1)Y and predicts that

interactions are mediated by the exchange of vector bosons. There are eight

gluons responsible for the strong interactions, and four bosons responsible for the

electroweak interaction, namely W±, Z and the photon. There is an asymmetry

between the electroweak bosons - W± and Z are massive while the mass of the

photon is exactly zero. Unfortunately, an explicit bare term in the Lagrangian

of the theory that specifies the mass of the electroweak bosons violates the local

gauge invariance. However, adding the Higgs mechanism, which spontaneously

breaks the local gauge symmetry to SU(3)c ⊗ U(1)em rescues the theory and

allow the electroweak bosons to acquire mass [1, 2, 3, 4]. The idea of the Higgs
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mechanism emerged from a relativistic analog of the Landau-Ginzburg (LG)

description of superconductivity in which the photon gains an effective mass

in a superconductor by the spontaneous breaking of the electromagnetic gauge

invariance. Both in the LG description of superconductivity and the Higgs

mechanism, below the critical parameter of the theory, the underlying symmetry

is “hidden”. The Higgs mechanism assumes a scalar doublet field, composed of

two complex Higgs fields, with one of the complex components charged and the

other neutral, that interacts with initially massless vector fields. In this way, the

masses of the vector bosons and the massless photon can easily be accommodated

without spoiling the theory: the interaction of the scalar field with the vector

fields reduces to the mass of the vector bosons as long as the vacuum expectation

value of the scalar field is non-zero. The spontaneous symmetry breaking gives

mass not only to the vector bosons but it can give mass to the fermions. Even

though explicit mass terms violate the symmetry of the Standard Model, the

Yukawa coupling of the Higgs scalar to a pair of fermions are allowed. Fermion

masses then are proportional to the vacuum expectation value of the Higgs field.

The Yukawa coupling values required to reproduce the observed fermion masses

range from 3×10−6 for the electron to 1 for the top quark. The Standard Model

does not try to explain the values, nor the huge range of these dimensionless

couplings.

The Higgs mechanism predicts the existence of one neutral scalar, namely
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the Higgs boson with its self couplings. The Higgs boson is the only Standard

Model particle that is not yet observed. One of the difficulties for Higgs searches

is that the mass of the Higgs boson is not predicted by the Standard Model. In

theories beyond the Standard Model, the mechanism of spontaneous symmetry

breaking is usually the same as the Standard Model but with more complicated

Higgs fields, and a higher number of surviving Higgs bosons, including charged

scalar bosons. One of the most important goals of the Large Hadron Collider

(LHC), which will start operations soon after the completion of this thesis is

to clarify the origin of particle masses. LHC has two major general purpose

detectors, namely ATLAS and CMS, and two smaller experiments, one for heavy

ion physics (ALICE) and another for b-physics (LHCb).

For the most part of this thesis presents my work within the CMS collabora-

tion over the past two years - namely, a study of the search for a Standard Model

Higgs boson via vector boson fusion in the H → WW → lνlν channel. A second

major part of the thesis is the study of optimization of energy reconstruction

in CMS using the Test Beam 2006 data. The thesis is organized as follows:

Chapter 2 is an overview of the electroweak theory with special emphasis on the

Higgs mechanism and the Higgs boson. Chapter 3 gives a general description of

the LHC and CMS, and describes each subdetector of CMS. Chapters 4 and 5

include the main topics and the original contributions of my thesis to CMS. In

2006, from late summer to the end of November, tests of CMS ECAL+HCAL
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combined calorimeter system have been made at the H2 beam line at the Su-

per Proton Synchrotron (SPS) at CERN. Chapter 4 describes these tests and

presents the studies that optimize the response of the combined EB+HB system.

Chapter 5 describes the simulation study for the search for the Higgs boson via

vector boson fusion in the H → WW → lνlν channel. This channel has good

prospects both for the discovery of the Standard Model Higgs boson and the

determination of the HWW coupling which is crucial to establishing the origin

of electroweak symmetry breaking and the vector boson masses.

4



CHAPTER 2

THE STANDARD MODEL HIGGS BOSON

With gauge bosons W i
µ, i=1-3 for the group, SU(2), and Bµ for the group,

U(1), the gauge group SU(2)⊗U(1) is the symmetry group of the electroweak

theory. Except for the photon, the weak gauge bosons become massive only

after Spontaneous Symmetry Breaking (SSB) of the electroweak symmetry from

SU(2)⊗U(1) to U(1)em. That is, the interactions allowed by SU(2)⊗U(1) are

locally gauge invariant. Since mass terms like mψψ are not locally gauge invari-

ant under the SU(2)⊗U(1) group, the mass of the W,Z particles should be zero.

However, if the vacuum has a non-zero expectation value for some scalar field,

the component of the scalar field can be absorbed into the longitudinal part of

the vector fields giving them mass. Thus, vector fields are responsible for the

dynamics but scalar fields create inertia. Vector fields are an appearance of local

symmetry, but the scalar field(s) break the symmetry, and allow the vector fields

to have mass.

In QED, the Lagrangian, whose density is invariant under local gauge trans-

formations, U(1), describing the coupling of the photon fields, Aµ, to an electron
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field, ψ is given as;

L =
−1

4
F µνFµν + ψ(i6D −me)ψ (2.1)

where F µν = ∂µAν − ∂νAµ and Dα = ∂α + ieAα is the covariant derivative. If

the gauge field transforms as

Aµ(x) → Aµ(x) −
1

e
∂µθ(x) (2.2)

then the Lagrangian is independent of the definition of the phase ψ ′(x) =

eiθ(x)ψ(x). Therefore Lagrangian is locally gauge invariant, under a U(1) gauge

transformation. The gauge coupling constant in QED is the electric charge, e.

The electroweak theory assumes invariance under the group SU(2) ⊗ U(1), in

which the 3 massless gauge bosons W i(i = 1, 2, 3) are associated with the gauge

group SU(2) and one massless boson, B, is associated with U(1). The piece of

the Lagrangian for the 4 gauge bosons is

L =
−1

4
W iµνW i

µν −
1

4
BµνBµν (2.3)

where W i
µν = ∂µW

i
ν−∂νW

i
µ−gW ε

ijkW j
µW

k
ν (gW is the SU(2) gauge coupling) and

Bµν = ∂µBν −∂νBµ. The expression for W i
µν contains quadratic self interactions

for the W i. This is due to the non-Abelian nature of SU(2).

Coupling of the gauge fields to fermion fields is again described by the co-

variant derivative but now in a more complicated form:

Dµ = δij∂
µ + igW (T ·W µ)ij + iY δijg

′
WB

µ (2.4)
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where g′W is the U(1) gauge coupling. Here, Y is the weak hypercharge repre-

senting the charge of U(1). SU(2) algebra is represented by the matrices T i.

The Levi-Civita tensor, εijk, comes from the non-commutation of the isospin

operators

[T i, T j] = iεijkT k. (2.5)

If we define W±
µ ≡ (W (1)

µ ∓ iW (2)
µ )/

√
2 and T± ≡ T (1) ± iT (2), then

Wµ · T = W (1)
µ T1 +W (2)

µ T2 +W (3)
µ T3 (2.6)

=
1√
2
W+

µ T
+ +

1√
2
W−

µ T
− +W 3

µT3 (2.7)

where [T+, T−] = 2T 3 and [T 3, T±] = ±T±. T+ and T− are the raising and

lowering operators for weak isospin. Tα ≡ 1
2
σα, where σα is the αth component

of the Pauli matrices;

σ1 =











0 1

1 0











, σ2 =











0 −i

i 0











, σ3 =











1 0

0 −1











. (2.8)

For the SM the simplest choice that can generate masses for the three gauge

bosons but keeping the photon massless assumes a complex SU(2) doublet of

scalar fields

Φ =











φ+

φ0











=











φ1 + iφ2

φ3 − iφ4











(2.9)

The corresponding term in the SM Lagrangian is given by

LHiggs = (DµΦ)†(DµΦ) − V (Φ†Φ) (2.10)
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where Dµ is the covariant derivative given by Eq. (2.4) and V (Φ†Φ) is the

so-called Higgs potential,

V (Φ†Φ) = −µ2Φ†Φ + λ(Φ†Φ)2. (2.11)

If λ and µ2 > 0, the potential has its minimum point not at the origin but at

Φ†Φ = µ2/2λ which is the value that the Higgs field assumes in the vacuum.

This means that the neutral component of the scalar doublet now has a

vacuum expectation value, v = µ2/λ,

< 0|Φ|0 >=











0

v/
√

2











. (2.12)

The direction of the minimum in SU(2) space is chosen such that the component

for the charged scalar field is 0 which preserves the U(1) symmetry of QED.

In this choice, the electric charge is Q = T 3 + Y which leaves the vacuum

expectation invariant. The Higgs potential can be displayed graphically, for

example, by setting the imaginary parts of the doublet of scalar fields to zero (see

Fig. 2.1). In Fig. 2.1, it is seen that the minimum corresponds to a circle on the

graph. Considering the excitations around the vacuum state and parametrizing

the Higgs field with the three fields and H we obtain

Φ =











ε1 + iε2

1√
2
(v +H) − iε3











= U−1(ε)











0

1√
2
(v +H)











(2.13)

where U−1 = eiεασα/v. Then making a transformation (Φ → U(ε)Φ) to the
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Figure 2.1: The Higgs potential [5].

unitary gauge in which the unphysical degrees of freedom disappear, we obtain

Φ =
1√
2











0

v +H











(2.14)

Then, expanding the |DµΦ|2 term of the Higgs Lagrangian,

|DµΦ|2 = |(δij∂µ − igWTαW
α
µ +

i

2
δijg

′
WBµ)Φ|2 (2.15)

Inserting the Pauli matrices explicitly we find,

|DµΦ|2 =
1

2

∣

∣

∣

∣

∣

∣

∣

∣









∂µ − i
2
(gW W 3

µ + g′W Bµ) −igW

2
(W 1

µ − iW 2

µ)

igW

2
(W 1

µ + iW 2

µ) ∂µ + i
2
(gW W 3

µ − g′W Bµ)

















0

v + H









∣

∣

∣

∣

∣

∣

∣

∣

2

(2.16)

Taking the square, the |DµΦ|2 term is

|DµΦ|2 =
1

2
(∂µH)2 +

g2
W (v +H)2

8
|W (1)

µ − iW (2)
µ |2 +

(v +H)2

8
|gWW

(3)
µ − g′WBµ|2.

(2.17)

Three fields can be defined such that:

W± =
1√
2
(W 1

µ ∓ iW 2
µ), Zµ =

gWW
3
µ − g′WBµ

√

g2
W + g′2W

Aµ =
gWW

3
µ + g′WBµ

√

g2
W + g′2W

(2.18)
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Putting these definitions in Eq. (2.17) and looking at the terms quadratic in the

gauge bosons W±, Z and A, we get

(
v2g2

W

4
)W+

µ W
−µ +

v2(g2
W + g′2W )

8
ZµZ

µ + 0 × AµA
µ

= m2
WW

+
µ W

−µ +
1

2
m2

ZZµZ
µ +m2

AAµA
µ (2.19)

mW ,mZ and mA represent the W , the Z and the photon mass respectively.

Therefore, spontaneous symmetry breaking allowed the three Goldstone bosons

to be ”eaten” by or absorbed in the definition of W± and Z bosons. The U(1)em

symmetry survives so that the photon is still massless.

To first order the Z and W boson masses are related by

mZ =
mW

cos θW

(2.20)

where θW is the Weinberg angle defined by

sin2 θW ≡ g2
W

g2
W + g′2W

. (2.21)

The other terms in the Higgs Lagrangian describes the Higgs self-couplings

1

2
∂µH∂

µH − µ2H2 − λvH3 − 1

4
λH4 (2.22)

with mass m2
H = 2µ2 = 2λv2. The vacuum expectation value, v = µ/

√
2λ is

determined by the theory, λ, however remains arbitrary.

2.0.1 Fermion Masses and Couplings

Although existence of fermion masses directly implies that the electroweak

symmetry is broken, the electroweak theory does not predict the fermion mass
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values. Every fermion needs a Yukawa coupling whose values are as to match

the observed masses. After the spontaneous symmetry breaking, the Yukawa

couplings represent the mass terms and the Lagrangian for the fermion fields

become [8]

LF =
∑

i

ψi

(

i∂/ −mi −
gmiH

2mW

)

ψi

− g

2
√

2

∑

i

ψiγ
µ
(

1 − γ5
) (

T+W+
µ + T−W−

µ

)

ψi

−e
∑

i

Qiψiγ
µψiAµ

− g

2 cos θW

∑

i

ψiγ
µ
(

gi
V − gi

Aγ
5
)

ψiZµ (2.23)

The first term of the fermion Lagrangian contains the fermion masses, mi

which are directly proportional to Yukawa coupling and vacuum expectation

value

m = gf
v√
2
. (2.24)

The second term of the Lagrangian represents the charged weak current inter-

action, the third term represents the QED interaction and the last term is for

the weak-neutral current interaction. The weak-neutral interaction is universal

for all families for which the coupling terms are given by gi
v = T 3

i − 2Qi sin
2 θW

and gi
A = T 3

i . The electromagnetic coupling constant e is related to the weak

charge and the mixing angle,

e = g sin θW = g′ cos θW (2.25)
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In the fermion Lagrangian the doublets

ψi =











νi

l−i











and











ui

d′i











(2.26)

represent the left-handed lepton and quark fields and d′i =
∑

j Vijdj where Vij are

the elements of the unitary CKM matrix which relate the electroweak eigenstates

(d′i) to their mass eigenstates (dj).

The leptons and quarks are grouped in three families. The grouping of

Table 2.1: Three families in the Standard Model

generation
first second third

u c t
d s b
νe νµ ντ

e− µ− τ−

quarks and leptons in complete families are required to cancel the anomalies in

the current-gauge coupling. For each complete family the relation 3(Qu +Qd)+

Qe = 0 is satisfied in any quantum mechanical gauge theory evidently including

the Standard Model.

It is important to note that discovering the Higgs boson might not necessarily

show us how the fermions get their masses, and moreover the mechanism for

neutrino masses might be different. There have been some attempts to find a

simple explanation for the observed fermion masses (e.g. see [7]) but none have

been completely successful yet.
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Figure 2.2: WW scattering with the exchange of a Higgs boson. The perturba-
tive unitarity breaks down if mH ≥ 1 TeV.

2.0.2 Experimental and Theoretical Limits on the Higgs Boson

A weak upper limit to the Higgs boson mass can be obtained by theoretical ar-

guments. It is shown in [32] that if the Higgs boson mass is ∼ (8
√

2π/3GF )1/2 ∼

1 TeV, in the WW scattering with the exchange of an Higgs boson shown in

Fig. 2.2, the amplitude becomes large and the perturbative unitarity breaks

down. At this point, the interactions become strong suggesting that the Higgs

boson is not a fundamental electroweak scalar [33]. This is a weak limit and the

violation of this limit shows that the derivation of the bound by perturbative

theory is not adequate. The parameter λ in the definition of the Higgs potential

Eq. (2.11) depends on the energy scale, and λ at a fixed scale µ can be related
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Figure 2.3: Higgs boson theoretical mass limits. The light-shaded areas are
the forbidden zones. The upper limit is determined from the requirement of
consistency of the electroweak theory up to the Λ scale. The lower limit is
determined from the condition of absolute vacuum stability. The solid areas
show the uncertainties in the bounds [19].

to the value of λ at another scale Λ with Λ > µ,

1

λ(µ)
=

1

λ(Λ)
+

3

2π2
log(

Λ

λ
). (2.27)

If λ(Λ) < 0 then the vacuum energy becomes −∞. To prevent this, Λ ≤

µe2π2/3λ(µ). This is equivalent to an upper limit for the Higgs boson mass if

the energy scale is chosen to be mH which is equal to
√

2λv. A lower bound

on the SM Higgs boson mass is obtained by higher-order the corrections to the

Higgs potential fixing the absolute minimum at v/
√

2. A summary of theoretical

Higgs mass limits are shown in Fig. 2.3. The upper limit is determined from

the requirement of consistency of the electroweak theory up to the Λ scale. The

lower limit is determined from the condition of absolute vacuum stability [6].
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Figure 2.4: Solid line shows the observed and the dashed line the expected values
for the test statistics parameter -2lnQ. Dark region represents 1σ and the light
region represents 2σ around the mean. [35].

The mass of the SM Higgs boson must lie between ∼ 130 GeV/c2 to 200 GeV/c2

for the electroweak theory to be meaningful up to the Planck scale, and it should

be less than ∼ 500 GeV/c2 if the theory is to be valid up to 1 TeV. Better limits

are provided by the experimental data, which will be explained below.

Higgs boson searches have been done in electron and hadron colliders [35].

Also, there are indirect searches that utilize the precision electroweak measure-

ments [35]. The direct searches for the SM Higgs boson produced by e+ + e− →

H + Z at LEP set the lower limit at 114.4 GeV/c2 for a 95% CL [62]. This
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is demonstrated in Fig. 2.4 as the Higgs mass value corresponding to the zero

of the observed log-likelihood variable (-2lnQ). The minimum point of −2 lnQ

gives the central value for the Higgs mass as ∼ 115 GeV/c2.

Fig. 2.5 displays the SM Higgs boson production channels for the Tevatron

Run II period. The center of mass energy of the Tevatron is 1.96 TeV. The

most dominant Higgs production channel is the gluon fusion, gg → H, followed

by the associated production qq → V H channel with an electroweak vector

boson, V where V = Z or W±. The H → bb decay mode is dominant for Higgs

masses less than about 140 GeV/c2 and the searches are performed in these

channels: WH → l±νbb, ZH → l+l−bb, WH,ZH → jjbb and ZH → ννbb. The

H → W+W− decay mode is dominant for masses higher than ∼ 140 GeV/c2.

In the HWW decay mode, one of the W -bosons may be virtual. The searches

for Higgs bosons with mass higher than 140 GeV/c2 are made in the following

channels; gg → H → W+W−(dileptons) and WH → W±W+W−(2 lepton and

3 lepton final states). About 1 fb−1 Run II Tevatron has been analyzed by CDF

and D0 and until now no excess Higgs boson signal above the background is

detected [17]. The upper limits accessible with the current analyzed data is a

factor of ∼ 8 − 10 larger for mH = 115 GeV/c2 and ∼ 4 for mH = 160 GeV/c2

[17, 18]. Although still far from the SM predictions, Tevatron is getting closer

to seeing the first indications of its existence. The current sensitivity to Higgs

boson can be seen in the Figures 2.6 and 2.7.
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Figure 2.5: Higgs production for the dominant channels for Tevatron Run II.
The center of mass energy is 2 TeV [14].
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Figure 2.7: Tevatron run II preliminary upper limits by CDF and D0 exper-
iments for the SM Higgs boson production. The upper curves represent the
experimental limits at the 95% confidence levels and the curves in the lower
part are the Standard Model predictions [35, 36].
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Figure 2.8: ∆χ2 determined from a fit to electroweak precision measurements vs
the Higgs boson mass. Solid line shows the fit. The band around the fit curve
shows the uncertainty induced by the higher order corrections. The excluded
region is determined from the direct searches at LEP corresponding to 95% CL
[31].
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The electroweak theory is constrained by α, GF and mZ . These parameters

are related to each other at the tree level by the relations [33]

m2
W =

πα√
2GF sin2 θW

, (2.28)

m2
Z =

πα√
2GF sin2 θW cos2 θW

, (2.29)

mW = mZ cos θW . (2.30)

Radiative loop corrections due to heavy quarks, Higgs and possible new parti-

cles that must be applied in the current energy scale of experiments affect the

observed electroweak parameters. These corrections logarithmically depend on

the Higgs boson mass. Therefore, Higgs boson mass can be constrained indi-

rectly using the precision electroweak measurements. Global fits to electroweak

measurements from LEP, Tevatron and SLD constrain the Higgs mass to be less

than about 194 GeV [35] at 95% CL (see Fig. 2.8). Figures 2.9 and 2.10 show

the Higgs mass constraints from mW and mt values. The global fit to all data

yields mH = 89+38
−28 GeV/c2, mt = 172.7±2.8 GeV/c2 [35]. Recently, CDF made

a new measurement of the W mass (80.398±0.025 GeV/c2). Preliminary studies

show that the global fit to the Higgs boson central value mH = 80+36
−26 GeV/c2

and the LEPII upper limit mH < 189 GeV/c2 at 95% CL [30]. If the newest

CDF and D0 combined top mass measurement mt = 170.9± 1.8 GeV/c2 is used

with the new W mass value, the upper limit for the mass of the Higgs boson

becomes mH < 144 GeV/c2 at 95% CL [31].
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Figure 2.11: Feynman diagrams for the dominant Higgs production mechanisms
at the LHC.

2.0.3 Standard Model Higgs Boson Searches at the LHC

2.0.3.1 Higgs Boson Production at the LHC

At the LHC, the dominant Higgs production mechanisms are gluon-gluon fu-

sion (gg → H), vector boson fusion (qq → qqH), associated production with

vector bosons (qq → WH,ZH) and associated production with top quark pairs

(gg, qq → ttH) for which the leading order Feynman diagrams are shown in

Fig. 2.11. The cross sections vs Higgs boson mass for these processes along with

the production processes with lower cross sections for the LHC are displayed in

Fig. 2.12. The cross sections reported in Fig. 2.12 are fully inclusive without

any acceptance cuts or any branching ratios.

The gluon fusion dominates the Higgs boson production for all the Higgs

boson mass range because of the much larger gluon density in the proton than
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Figure 2.12: Higgs production for the dominant channels for the LHC where√
s = 14 TeV [14].
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the quark density at around 100 GeV masses at the LHC energy. As seen from

the Feynman diagram of the process (Fig. 2.11 (a)), the process is mediated

by a virtual top loop radiating a Higgs boson. There are large next-to-leading

order (NLO) QCD corrections to this process. The corrections are known up

to next-to-next-to-leading order (NNLO) [20, 21] and are included in Fig. 2.12.

The theoretical uncertainty is about 10% [16].

Although the Higgs boson production rate via VBF is about an order of

magnitude smaller, it is a promising channel for the discovery of a Standard

Model-like Higgs boson, especially in the intermediate mass range mH ≤ 2mZ .

This is because of its unique kinematics and QCD properties. Fig. 2.12 includes

the NLO QCD and leading-order electroweak corrections, and the PDF used

is CTEQ6M [28, 29] with the renormalization and factorization scales at the

Higgs boson mass. The uncertainty is smaller than ∼10% [16]. VBF channel is

characterized by two forward jets with transverse momentum pT ∼ mW/2 and

between the forward jets a large rapidity gap in which the decay products of the

Higgs boson lie. The topology of a typical Higgs event is shown in Fig.2.13. In

the case when the Higgs boson decays to two W -bosons, the HWW vertex both

in production and decay provides a relatively clean access to the HWW coupling

which is very important for establishing the origin of electroweak symmetry

breaking. The search for a Standard Model Higgs boson in this channel in CMS

with H → WW → lνlν is one of the main topics of this thesis and will be
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Figure 2.13: A typical VBF event with the forward/backward jets and the two
leptons in the central region.

described in detail in Chapter 5.

The associated production with a W or a Z boson is also referred to as the

Higgs-strahlung. The decay products of W or Z bosons are used to identify

such events. This channel is effective in the intermediate mass range. The NLO

QCD corrections enhance the total production cross section by about 30% [22,

23]. The NNLO QCD corrections increase the cross section by about another

10% [15], and the scale dependence for this calculation is ∼1%. The electroweak

corrections decrease the total cross section up to ∼10% [24]. The uncertainty

from the parton distribution functions in this channel is less than 5% [24].

The associated production with a tt̄ pair is effective for Higgs boson masses

less than about 150 GeV/c2. The cross section reported in Fig. 2.12 includes

the NLO QCD corrections which increases the total leading-order cross section
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by ∼20% [25, 26, 27]. The PDF used is CTEQ6M with the renormalization and

factorization scales set at mt +mH/2 [16].

2.0.3.2 Higgs Boson Decays

Since the Higgs couples to higher mass particles more strongly, the probability

of the Higgs boson to decay into the high mass particles is larger as long as the

kinematics allows. The branching ratios for the SM Higgs boson as a function of

Higgs boson mass are displayed in Fig. 2.14 in the Higgs mass range ∼80 - 500

GeV/c2. The most dominant decay modes of the Higgs boson are expected to

be into bb and τ+τ− pairs for Higgs boson masses less than about 130 GeV/c2.

In this mass range, the other decay modes are not significant except for γγ

at the LHC. For Higgs boson masses larger than 130 GeV/c2, the two main

decay modes are expected to be into W+W− and ZZ pairs . One of the vector

bosons in these decays can be virtual. As seen in Fig. 2.14 at mH ∼160 GeV/c2,

the branching ratio into W+W− bosons becomes ∼100% when the W bosons

produced are allowed to be on-shell. The other decay mode, tt̄ has a small

probability. It increases with mass and only rises to ∼20% for Higgs boson

masses above 400 GeV/c2. The total decay width of the Higgs boson is ∼1

GeV at mH ∼ 200 GeV/c2 and becomes about a TeV at mH ∼ 1 TeV/c2.
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Figure 2.14: Branching ratios for the standard model Higgs boson vs mass [12]

2.0.3.3 Search Strategies for the Higgs Boson at the LHC

H → γγ is one of the most important channels for Higgs searches at the LHC for

the Higgs boson masses in the range ∼110-150 GeV/c2. The signature for the

H → γγ channel is two high ET isolated electromagnetic clusters. Although the

branching ratio into two γ’s is very small, the Higgs signal can be observed as

a small but narrow peak (δMγγ < 1%) in the di-photon mass distribution (over

a large background) [59]. The background consists of two prompt photons, one

prompt photon + jet (bremstrahlung photons, photon from π0 decay) and dijets.

The background can be measured from the sidebands outside the peak position.

This channel is extensively studied in CMS utilizing both the standard cut based

analysis as well as an optimized analysis for the discovery [59].
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H → ZZ(∗) → l+l−l+l− channel is one of the most promising processes that

might lead to the discovery of a Higgs boson at the LHC. The branching ratio

for H → ZZ(∗) is not small for mH > 130 GeV/c2. The branching ratio is ∼20%

for mH ≥ 2mZ (Fig. 2.14). The main backgrounds for this channel are ZZ (∗),

tt̄ and Zbb → l+l−bb. After the selection cuts, the remaining background is

ZZ(∗)/γ∗. This background can be measured by normalization to the Z → l+l−

data. The background can also be measured by normalizing to the sidebands of

the signal in the invariant mass of the four-leptons [59]. Both of these methods

individually can reduce the luminosity uncertainties totally and can partially

reduce the PDF, scale and experimental uncertainties. H → ZZ (∗) → l+l−l+l−

channel also offers the opportunity to measure the mass and the production

cross section of the Higgs boson. It can also be used to measure the spin and

CP properties of the Higgs boson [37]. Moreover, combining the ZZ (∗) and

WW (∗) decay modes might help in reducing the systematic uncertainties in the

Higgs boson coupling measurements.

Another significant channel for Higgs boson discovery is H → WW (∗) → lνlν

in which the Higgs boson is produced by gluon-gluon fusion and vector boson

fusion. This channel is important in the Higgs boson mass range from 120 to 200

Fig. 2.14. The dominant backgrounds for this process are qq → W+W− → lνlν,

gg → tt̄ → µνµν, qq → γ∗ and Z → l+l−. The other contributing background

processes are bb → 2l, ZW → 3l, tWb → 2l and ZZ → 2l. The background
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can be measured directly from the data using a region of the phase space that

is signal-free. One possible method particularly useful for the tt̄j background

estimation is described in detail in Chapter 5 for the H → WW (∗) → 2l2ν

channel in which the Higgs is produced by VBF.

For the Vector Boson Fusion, one of the channels that is important in Higgs

Boson searches is qqH → qqττ → l + τ jet + ET/ . This channel has potential

in the mass range from the LEP lower limit to ∼145 GeV/c2 above which the

branching ratio drops abruptly. The major backgrounds to this channel are the

QCD 2τ + 2 or 3 jets, EW 2τ+2 jets, W+jets and tt̄→ WbWb [59, 39].

qqH → qqγγ channel has potential up to about 150 GeV/c2. The main

backgrounds to this channel are QCD multi-jets, Drell Yan e+e− pair production,

gluon fusion producing two photons with two additional jets, pp → 2γ + 2 jets

and pp→ 2γ + 3 jets.

qqH → W+W− → l±νjj is another potential discovery channel for the

Higgs boson. It is also complementary to qqH → W+W− → lνlν channel in the

∼160-180 GeV/c2 mass range where the probability to decay into two W ’s is the

highest. This channel also has potential for discovering high-mass Higgs bosons.

The major backgrounds are tt̄j, W + tb(tb), W/Z + jets, WW/WZ/ZZ + jets

and QCD background.

Searches for the Higgs Boson decaying into two photons in the associated tt̄H

and V H can be done at high luminosity. The channel is significant for the Higgs
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boson masses from 115 to ∼150 GeV/c2. The Higgs mass can be reconstructed

in the inclusive H→ γγ channel [59].

Figure 2.15 shows the statistical significance of the signal as a function of

the mass of the Higgs boson for an integrated luminosity of 30 fb−1 for different

production and decay channels and the corresponding luminosity needed for

5σ discovery. The ATLAS Higgs reach for 30 fb−1 is shown in Figure 2.16.

Comparing the Higgs boson discovery potential in CMS and ATLAS for 30

fb−1, in the H→ γγ channel, CMS can make the discovery with a significance

larger than 5σ for mH < 150 GeV/c2, while ATLAS significances are always

lower than 4σ. In the H → ZZ → 4l channel, CMS is capable of discovering

the Higgs boson with > 5σ in the Higgs boson mass range mH = 120 − 160

GeV/c2 and mH = 180 − 600 GeV/c2 and ATLAS can make the discovery

in the mass range mH = 130 − 165 GeV/c2 and mH > 175 GeV/c2. In the

H → WW → 2l2ν channel, both CMS and ATLAS can make a Higgs boson

discovery for mH = 130− 190 GeV/c2. CMS seems not to be capable of making

a 5σ discovery in the qqH, H → ττ channel, while ATLAS can make it for

mH = 120 − 135 GeV/c2.
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Figure 2.15: The statistical significance for an integrated luminosity of 30 fb−1

of Higgs boson reach for CMS (top) and the needed integrated luminosity to
achieve a 5σ discovery (bottom) [59].
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Figure 2.16: The statistical significance for an integrated luminosity of 30 fb−1

of Higgs boson reach for ATLAS [39].
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CHAPTER 3

THE EXPERIMENT

3.1 Large Hadron Collider (LHC)

Large Hadron Collider (LHC) will be the most powerful instrument ever built

to investigate particles and their interactions. LHC will collide beams of protons

at a center of mass energy of 14 GeV. One of the main goals of LHC is to find

out the mechanism(s) behind electroweak symmetry breaking. LHC is built in

the existing Large Electron-Positron (LEP) tunnel at CERN, Geneva. The lu-

minosity goal of LHC is 1034 cm−2s−1. LHC is a two-ring accelerator in the same

tunnel where the circumference of the LHC tunnel is ∼ 27 km. LHC is located

50-175 m underground. Collisions of the full energy of 14 TeV is planned for the

spring of 2008. (Apart from colliding proton beams, it also can collide lead (Pb)

ions with energy of 2.76 TeV/nucleon.) The relativistic γ = (
√

1 − v2/c2)−1

factor will be 479.6 at the injection and 7461 at the collision points. For most of

the ring, the beams will travel in two separate vacuum pipes. The beams of pro-

tons will be made to collide at four interaction points. These interaction points

are surrounded by large detectors; the Compact Muon Solenoid (CMS), A large
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Toroidal LHC Apparatus (ATLAS), Large Hadron Collider b-quark experiment

(LHCb) and A Large Ion Collider experiment at CERN (ALICE). Total cross

section Elastic scattering and diffraction dissociation at the LHC (TOTEM) and

LHC forward (LHCf) focusing on forward physics will be installed near CMS

and ATLAS experiments, respectively. The overall view of the LHC experiments

is shown in Figure 3.1. CMS detector will be described in detail in Section 3.2.

The injector complex consists of Linac2, Linac3, the booster, the Low Energy

Ion Ring, the PS and the SPS. The beams will be injected from SPS with an

energy of 450 GeV by two fast pulsed magnet systems each of which produces

magnetic pulses of 1.3 Tesla-meters with a risetime of at most 900 ns. The ratio

of the active structure in a period to the total length (the packing fraction), at

LHC is ∼ 65% so that the total bending arc-length in the main ring is 27×0.65 =

17.6 km which corresponds to a bending radius of ∼ 2.8 km. The magnetic field

needed to make the protons orbit each ring at 7 TeV is B = p/(0.3ρ) = 8.33 T .

To achieve this, the total number of magnets used around the ring is ∼ 9300.

The number of main dipoles is 1232, each of which is 35 tonnes and 15 m long.

Superconducting magnets operated at superfluid He temperatures are used to

obtain the highest possible fields at an affordable power consumption. The

superconducting dipole magnets are one of the key elements for the LHC. The

operating temperature of the He will be 1.9 ◦K and will be provided by a huge

cryogenics supply system. It is able to transport over 140 kW at 4.5 ◦K more
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Figure 3.1: Structure and experiments of the LHC [40].

than a kilometer with a temperature change of less than 0.1 ◦K. The magnets

are powered by AC to DC converters in which the delivered current depends

very strongly on the magnet that is fed. There will be 8 RF cavities per beam

and the field strength at peak energy is ∼ 5.5 MV/m.

Each proton beam at full intensity will consist of 2808 bunches. Each bunch

will contain 1.15×1011 protons (required for 1034 cm−2s−1) at the start of nomi-

nal fill and the Gaussian bunch length will be 11.24 cm and 7.55 cm at injection

and collision, respectively. The transverse dimensions of the beam will be about
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Table 3.1: Some of the LHC parameters relevant for CMS and ATLAS [40]

pp

Collision Momentum 7 TeV
Beam energy at Injection (SPS) 450 GeV

Circumference 27 km
Dipole field at 7 TeV 8.33 T
Design Luminosity 1034 cm−2s−1

Bunch spacing 25 ns
No. of bunches 2808

No. of particles per bunch 1.15 1011

Number of collisions/crossing ∼20
Operating temperature 1.9 K

Number of dipoles 1232
Number of quadrupoles 858

Number of correcting magnets 6208
Number of RF cavities 8/beam

∆ highest & lowest pnts. 122 m
F(θ) 0.836

Energy loss/turn ∼7 keV

a millimeter, but at the collision point low-beta1 quadrupoles will squeeze it to

∼ 16 microns. The stored energy per beam is 362 MJ which makes the large

collimation and protection systems vital. The spacing of the bunches in time

will be 25 ns and in space about 7.5 m. However, due to the filling scheme

from the SPS, the structure of the bunch spacings is more complex. Gaps in

the bunch structure are used for synchronization, calibration, and resetting the

front-end-electronics. The PS forms 25 ns spaced 26 GeV bunches. Then SPS

increases the beam energy to 450 GeV.

1 The term “low-beta” comes from the beta function which is proportional to the size of
the beam
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The number of interactions per unit time or event rate R can be found from

R = L × σ, where L is the luminosity and σ is the inelastic cross section. The

peak LHC luminosity at the interaction points 1 (ATLAS) and 5 (CMS) will be

∼ 1034 cm−2s−1. The inelastic pp cross section ∼60 mb. Therefore, the inelastic

event rate will be 6× 108 events per second. For counter-rotating bunches of Np

particles with the collision frequency of f , the luminosity is given simply by

L =
fN2

pF (θ)

4πσxσy

(3.1)

where σx and σy are the transverse areas where the two beams overlap and F (θ)

is the factor for the luminosity reduction due to crossing-angle, θ. Crossing

angle is needed because otherwise there would be about 30 bunch interactions

around the interaction region. F (θ) depends also on the bunch length. F (θ)

is ∼ 85% for LHC and the collision frequency, is f= 40 MHz. The beam-size

varies with the inverse square-root of the γ-factor and it is ∼ 17 µm for the

LHC. To achieve a luminosity of 1034 cm−2s−1, the LHC will be filled with 2808

bunches with ∼ 1011 particles per bunch.

The first physics run is expected in spring 2008, first with 75 ns bunch spacing

then with 25 ns. The luminosity after the first year is expected to be 2 ×

1033 cm−2s−1. This is referred as the low luminosity run, and the physics analysis

presented in Chapter 5 is valid for the low luminosity period. After the first year

of the physics run with proton-proton collisions, some runs with heavy ions will

start.
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Although the proton collision energy is 14 TeV, the maximum parton energy

available will be
√
x1x2s where x1 and x2 are the momentum fraction of proton’s

momentum carried by each parton in a frame in which the proton’s momentum

is large, and
√
s is the center of mass energy. LHC will be able to probe the

physics at several TeV. The total proton-proton cross section at 14 TeV is ∼ 110

mbarns with 60 mbarns contribution from inelastic, 12 mbarns single diffractive

and 40 mbarns elastic [13]. Proton-(anti)proton cross sections at the Tevatron

and LHC are displayed in Figure 3.2. The Higgs cross section for a 150 GeV

Higgs is about 109 times smaller than the total inelastic cross section. Note that

at the LHC, the cross section for mH = 150 GeV increases by about 100 times

over the Tevatron. But, tt̄ cross section increases by 200. Elastic and diffractive

events produce particles with very small angles to the beam axis. These will be

detected by the TOTEM detector [46].

The LHC parameters are summarized in Table 3.1 and the details of the

LHC machine can be found in the LHC Design Report [40].
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Figure 3.2: Proton-(anti)proton cross sections at Tevatron and LHC as a func-
tion of center of mass energy [13].
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3.2 The CMS Experiment

The Compact Muon Solenoid (CMS) [47] is a multipurpose detector that

is designed to measure particles from proton-proton collisions at the LHC. Its

design is optimized for detecting the Higgs boson and other new particles. The

CMS detector is shown in Figures 3.3, and 3.4. CMS consists of 100 million sep-

arate detecting elements. It is located 100 m underground in Cessy, France. It

weighs 12500 tonnes. The CMS is the shape of a cylinder ∼21 m long and with a

diameter ∼15 m. The CMS has an onion structure in which each layer is a sub-

detector. Although it is a cylindrical detector, it has a coverage of almost 4π.

From inside to outside, the CMS detector consists of the pixel detector, silicon

tracker, electromagnetic calorimeter (ECAL), hadronic calorimeter (HCAL), su-

perconducting coil and the muon detectors. The CMS superconducting magnet

generates 4 Tesla field (corresponding to about 2.7 GJ of stored energy) which

is essential for having a high momentum resolution and distinguishing particles

in high multiplicity events.

CMS is centered on the collision point 5 at the LHC (see. Fig. 3.1). The

CMS convention for coordinates defines the z axis parallel to the beam pointing

to the north-west (at the Jura mountains), the y-axis points upwards and x-axis

points to the center of the LHC ring. The azimuthal angle φ is defined with

relative to the positive x-axis and the polar angle θ is defined relative to the
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positive z-axis. The pseudo-rapidity can be defined as η = − ln[tan(θ/2)]. The

transverse momentum (pT = p sin θ) and the transverse energy (ET = E sin θ)

lie in the x-y plane. The set (φ, η, pT , pz) is a complete and convenient set of

variables to describe particle kinematics in colliders.

3.2.1 The CMS Magnet - Superconducting Solenoid

The uniform 4 Tesla magnetic field, required to achieve a muon momentum

resolution of ∼ 10% at a momentum of 1 TeV, is produced by the supercon-

ducting solenoid of CMS that make up the helical winding of the coil. This

field strength is achieved by passing a 20 kA of current in the niobium-titanium

superconductor. The magnet is 12.9 m long and has an inner diameter of 5.9 m.

Except for the outer hadron calorimeter (HO), the calorimeters and the tracking

detectors are in the magnet bore. The iron return yoke interspersed with muon

chambers, returns the magnetic flux. Details on the CMS magnet can be found

in the Magnet TDR [41].

3.2.2 Muon System

Many interesting physics events (like H → ZZ∗/WW ∗ → µµll and Z ′ →

µµ) are expected to have at least one muon in final state. Muons are the

only charged particles (coming directly from the primary collision) that are not

absorbed by the calorimeters. Muons deposit only minimum ionizing energy in
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Figure 3.3: Schematic view of CMS.
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Figure 3.4: The CMS Experiment

the electromagnetic and the hadronic calorimeters. In general, a high energy

particle is identified as a muon if it passes through a large amount of material

with a little energy loss and with small deflection. Muons are relatively easy to

detect with high accuracy due to the fact that they have no strong interactions

and have long lifetimes (2.2 µs). The muon detectors in CMS are located behind

the calorimeters and the magnet coil.

The CMS muon system uses three different types of detectors, the drift tubes

(DT) located in the barrel |η| < 1.2, cathode strip chambers (CSC) in the

endcaps (0.9 < |η| < 2.4) that have faster response and finer segmentation,

and resistive plate chambers (RPC) located at barrel and endcaps (0 < |η| <

2.1). The DTs and CSCs are mainly used for tracking, pT triggering and bunch
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crossing identification. The RPCs are dedicated trigger detectors with good

timing resolution of ∼ 3 ns that are not used for tracking except for resolving

ambiguities [11, 42]. The muon system has 250 DTs, 540 CSCs and 912 RPCs.

Barrel region of the muon system consists of 5 rings of iron structures. Each ring

is divided into 12 sectors. The muon system in the barrel has four stations and

integrated into the iron yoke. Each station is composed of 3 layers of chambers.

DT chambers are composed of 4 layers of DTs. Totally, there are 70 chambers

for the outmost station and 60 in each of the inner stations. Muon system layout

is displayed in Figure 3.5.

In the barrel region, the neutron-induced background and muon rates are

small. In the barrel region, the iron yoke confines the magnetic field, and the

field is uniform and low inside the muon stations. In the endcaps, the magnetic

field is non-uniform and it can be as high as ∼ 3.5 T. The spatial resolution for

an RPC is just its cell size which is about one centimeter. The spatial resolution

of the DTs is ∼ 100 µm in r − φ space and ∼ 150 µm in r − z space. The

resolution of the CSCs is < 100 µm [42]. Both the DTs and CSCs have trigger

spatial resolutions of ∼ 1 − 2 mm and bunch crossing identification efficiency

of ∼ 99% at the maximum LHC interaction rates. RPCs combined with DTs

and CSCs provide very good triggers. RPCs are two highly resistive plate pairs

in which the plates in each pair are separated by 2 mm gap filled with a gas

mixture (mostly C2H2F4, few percent of iso − C4H10 and less than a percent
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Figure 3.5: Layout of the muon system [48].

of SF6). The detectors are operated at ∼ 10 kV utilizing the graphite coating

of the plates. The generated electric field inside causes an avalanche along the

path of the particle. The avalanche makes a signal in the strips outside the gas

volume which are isolated from the graphite coating. DT cells are filled with a

gas mixture of 85% Ar and 15% CO2 [42]. The electrons generated in the DTs

move to anode wire in the center, and due to the high electric field close to the

wire, the signal is amplified. The position of the track is measured by the time

needed for the electrons to reach the wire. DTs use mean-timer circuits that

enable a fast trigger [43] and the time resolution of DTs is 5 ns [42]. The CSC in

the station that is closest to the interaction point has the finest segmentation to

obtain a very precise momentum measurement. CSC chambers in each station

consists of 6 layers of radial strips and 6 layers of tangential wires. The time

resolution of CSC’s is 6 ns.

The muon detectors provide measurement of pT after the coil, and also the
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measurement of sagitta in the return yoke. These measurements can be used

for trigger and offline event reconstruction. In the inner tracker, sagitta mea-

surement can be done. When the bending angle, the sagitta measurement in

the muon system, and the inner tracker and the vertex position are combined,

a resolution of 15 mm can be obtained.

The muon spectrometer has a laser system to align the muon stations to each

other and to the tracker. The alignment system monitors the positions of the

detectors. The system provides a single hit resolution of ∼ 220µm in DT’s and

CSC’s.

The muon system is capable of providing extremely pure muon sample with

no loss and identifying narrow physics signal peaks over backgrounds. The muon

system (combined with the tracker) can identify muons with high efficiency and

with good momentum resolution in |η| < 2.5. The momentum resolution is

limited by the bending angle measurement which depends on the accuracy of

the tracking and multiple scattering. The resolution is directly proportional

to the square root of the amount of material in the muon system in units of

X0(radiation length) and inversely proportional to
∫

Bdl. For high pT (∼ 1 TeV )

the momentum resolution is proportional to the spatial resolution of the muon

chambers. Up to the last muon station the thickness of the absorber is 16

interaction lengths, up to |η| ∼ 2.4. Good muon identification is achieved by

absorption of charged particles before the muon system in ECAL and HCAL,
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and in the muon system by the iron yoke. Moreover, the muon system is able

to measure the charge of the muons up to about 1 TeV. The muon system can

withstand the radiation environment, high rate interaction background of the

LHC, and strong magnetic field in the iron yoke.

A more complete description of the Muon System can be found in the Muon

TDR [42].

3.2.3 Electromagnetic Calorimeter (ECAL)

ECAL[51] is a hermetic and homogeneous calorimeter. It is made of lead-

tungstate(PbWO4) crystals of high density (8.3 g/cm3), small Moliere radius

(2.2 cm), and are radiation-hard. The scintillation light is emitted with a time

scale on the order of the LHC bunch crossing time (25 ns). It consists of about

61000 crystals in the ECAL barrel (EB) and about 7300 crystals in the ECAL

endcaps (EE). The layout of the ECAL detector is displayed in Fig. 3.6.

The distance of the EB crystals to the interaction point measured from their

faces is 1.29 m. The barrel part is composed of 36 identical supermodules and

each supermodule has 4 modules. The EB extends to |η| < 1.48. Each crystal

covers ∆η×∆φ = 0.0174×0.0174 corresponding to 22×22 mm2 at the front face

and 26 × 26 mm2 at the back. The length of each crystal is 23 cm, equivalent

to ∼ 26 radiation lengths (X0). To reduce the gaps between the crystals, the

crystals are placed such that their axis have a 3o angle with respect to the
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Figure 3.6: Layout of the ECAL detector [51]
.

interaction point.

The EE covers the pseudorapidity region |η| ∼ 1.5 − 3.0. Each EE crystal

covers 28.6 × 28.6 mm2 at the front face and 30 × 30 mm2 at the back. The

length of each EE crystal is 22 cm, equivalent to 24.7X0. The distance of EE

crystals to the interaction point measured from their faces is 3.14 m.

Each end cap has a preshower detector (ES) in front covering |η| ∼ 1.6−2.6.

The purpose of the preshower detector is to detect π0’s, to help electron identi-

fication, and to increase the precision of the position measurement of electrons

and photons. The ES is a sampling calorimeter with 2 layers. The first layer

is composed of lead radiators, and the second layer is composed of silicon strip

sensors behind each radiator.
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Two avalanche photo-diodes (APDs) each with a 5x5 mm2 active area are

attached to the rear face of each EB crystal. For each EE crystal, one vacuum

phototriode(VPT) is attached instead.

The energy resolution of ECAL can be parametrized as

(

σ

E

)2

≈
(

N

E

)2

+

(

S√
E

)2

+ C2 (3.2)

where N is the electronic noise term, S the stochastic term, and C the constant

term. The ECAL supermodule energy resolution was measured in a test beam

and gave N = 124 MeV , S = 3.63% and C = 0.26%, where the data was

obtained with a 20×20 mm2 trigger [51].

3.2.4 Hadron Calorimeter (HCAL)

The CMS Hadronic Calorimeter (HCAL) is a sampling calorimeter made of

alternating layers of brass and plastic scintillator plates. The total energy is

the energy deposited in the sampling layers from ionization which is converted

to an electrical signal and then digitized. HCAL will help identify quarks and

gluons by detecting jets. It will also complement the identification of electrons,

photons and muons. HCAL plays a crucial role in the identification of neutrinos

by way of missing energy.

HCAL is located behind ECAL with the HCAL barrel (HB) and HCAL

endcap (HE) subdetectors. HB covers up to |η| = 1.4, has a length of 9 m and

it extends from 1.8 m to 2.9 m in the radial direction. HE covers the region
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from |η| = 1.3 to |η| = 3.0 and its inner and outer radii are 0.4 m and 3 m

respectively.

The blue light produced in the scintillators are wavelength shifted to green

by wavelength shifting (WLS) fibers embedded in the scintillator tile grooves.

The light collected from all the tiles of a tower are channeled to Hybrid Photo

Diode (HPD) photo-detectors that convert the light to electrical signals and

then amplified. The channeling is done by clear fibers into the same pixel of

an HPD. HPDs are capable of operating at high magnetic fields (up to 4 Tesla)

perpendicular to the surface of the HPD.Clearly, all the front-end electronics

must be able to operate at high CMS magnetic fields and high neutron fluences

(∼ 1011 cm−2 [52]). In the central region, the thickness of the HB corresponds

to 5 interaction lengths 2 (∼ 5λI) which is not enough for full hadron shower

containment. Because of this, a tail catcher (designated the Hadronic Outer

(HO) calorimeter) is placed behind HB outside the magnetic coil extending to

|η| = 1.26. With the inclusion of HO, the total depth of HCAL becomes ≥ 11λ

for |eta| < 1.26.

HCAL is a non-compensating calorimeter so the response to hadrons com-

pared to electrons is not a linear function of the incident particle energy. For

HCAL the ratio of conversion efficiency of electromagnetic to hadronic energy

yielding a visible signal is found to be e/h = 1.41, for the incident particle

2 λI is the interaction length defined to be the mean distance a hadron traverses without
suffering a nuclear interaction [49].
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energies of above 10 GeV.

The performance of the combined EB+HB system is measured in test beams.

The latest test-beam data in 2006 showed that the energy resolution of the

combined EB+HB system for beam momenta in 2-300 GeV/c range, can be

parametrized as

(
σ

E
)2 = (

0.71

E
)2 + (

0.97√
E

)2 + 0.082 (3.3)

when both EB and HB are calibrated by 50 GeV electrons [50]. The first term

represents the electronic noise which dominates the energy resolution at low

energies. The second term is the stochastic term which is determined by the

statistical fluctuations in the shower development. The last term is the a that

depends on the degree of non-compensation [49].

Detection in the range |η| = 2.9−5 is provided by the Hadron Forward (HF)

calorimeter which is optimized for measuring high energy jets. HB, HE and HF

together provides hermetic coverage which is especially important for missing

ET measurements. HF calorimeter modules are at a distance of 11.15 m from

the interaction point and has an outer radius of 1.3 m with a cylindrical hole

at its center to accommodate the beam pipe. Each HF module consists of 18

wedges, each wedge covering a 20o azimuthal angle. HF is segmented into 13

η-towers with ∆η ∼ 0.175, except for the first and last towers, ∆η = 0.111 and

∆η = 0.302, respectively. In the φ direction, each tower subtends 10o, except

the last two towers, which cover 20o. HF will receive a high radiation dose
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about 0.1 GRad/year [53] which was the main design constraint. HF utilizes

radiation-hard quartz fibers (fused-silica core and polymer hard-clad) as the

active medium, and steel absorbers, composed of 5 mm thick grooved plates

for the absorber. The 0.6 mm diameter quartz fibers are placed in the grooves.

The quartz fibers of HF are not projective, but are parallel to the beam line.

Signal generation in HF is based on Cherenkov radiation that is produced in

the quartz fibers when the charged particles in the electromagnetic component

of the showers exceed the corresponding Cherenkov thresholds [54]. Charged

hadrons are detected mainly through π0 production. The produced light is

guided to photomultipliers by the fibers. To compensate the different responses

for electrons and pions, HF uses two different sets of fibers with different lengths,

which are read-out separately. Long (165 cm) and short (143 cm) quartz fibers

run through HF with a 5 mm separation. The long fiber extend to the front

face of the detector, while the short fibers end 22 cm before the front face. This

distance is larger than the depth of electromagnetic showers. Photomultipliers

are used since HF lies outside the strong magnetic field of CMS. Use of long

and short fibers, which are readout separately, makes it possible to distinguish

electromagnetic and hadronic showers in HF.

The HF energy resolution is parametrized by stochastic and constant terms

determined in test beams. When the long and short fiber sections are used, the

stochastic and constant terms for the electromagnetic energy resolution are 198%
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Figure 3.7: Layout of the pixel detector [55].

and ∼9% respectively, and 280% and ∼11% for the hadronic energy resolution

[53]. Photoelectron statistics of the photomultiplier dominates the electromag-

netic energy resolution, and π0 fluctuations dominate the hadronic.

Further details of HCAL can be found in HCAL TDR [52].

3.2.5 The Tracker

The CMS components dedicated to track and vertex finding lie in the in-

nermost part of the CMS detector. The tracking system is made up of highly

segmented silicon pixel and silicon strip detectors that determine the momenta,

position, and decay points of the charged particles from the ionization they pro-

duce along their paths. The pixel detector has a spatial resolution of about 15

µm. The tracker system consists of a single detector in the barrel and two in

the endcaps. In the barrel part, there are three pixel layers and ten silicon strip
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Figure 3.8: Layout of the CMS tracking detectors [56].

layers. Four of the 10 silicon strip layers makes the Inner Barrel(TIB) and 6 of

them makes the Outer Barrel(TOB). In the endcaps, there are two pixel layers

and three inner disk (TID) and nine outer forward silicon disk detectors. The

layout of pixel detector can be seen in Fig. 3.7 and the CMS tracking detectors

can be seen in Fig. 3.8. The silicon strip modules in the endcaps (TEC) are

assembled on carbon-fiber support wedges. The tracker covers up to |η| = 2.5.

In total, there are 25000 silicon strip detectors that covers about 200 m2 and

the signal is read out by about 10 million electronic channels. The momentum

resolution of the tracker is ∆P/P ∼ [15(PT/TeV ) ⊕ 0.5]% for |η| < 1.6 and

becomes [60(PT/TeV ) ⊕ 0.5]% as η approaches 2.5.

More details of the tracking system can be found in [55].
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3.2.6 Triggers

The LHC bunch crossing rate is 40 MHz. About 20 inelastic pp events are

produced at each bunch crossing at the design luminosity of 1034 cm−2s−1. This

produces ∼1 MB of data at each crossing. Only a small portion of the data can

be kept since current storage capacity is limited to about ∼ 100 MB/s or about

100 crossings per second. Therefore, a Trigger and Data Acquisition(DAQ)

system is required that selects the interesting data with a rejection factor of

∼ 106. The CMS trigger system consists of a level-1 (L1) trigger followed by a

high level trigger (HLT) performed completely at the software level. The total

time needed for the L1 trigger to come to a decision to store or not to store the

data is 3.2 µs. This is mainly determined by the time needed for a signal to be

transferred from the front-end electronics to the L1 logic system, since the time

needed for the trigger calculations is less than about 1 µs. The data waits in

the pipe-line buffers for 3.2µs/25 ns = 128 bunch crossings before it is decided

that it will be kept or not. The L1 trigger reduces the event rate to 100 kHz for

the design luminosity.

The L1 trigger uses calorimeter, muon system, and global(combination) trig-

gers, that combine the data from calorimeters and the muon system. The

“trigger-primitive” objects (photons, electrons, muons and jets) are constructed

using the detector systems. These objects are created only if the pT or ET are

above some thresholds. Also, the sum ET and missing ET which are determined
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Figure 3.9: The CMS DAQ system. Taken from ptdr1 [60]

globally, are included as trigger primitive objects.

HLT reduces the 100 kHz L1 event rate to ∼100 Hz. All calculations beyond

L1 are performed in a single filter farm of about 1000 dual-CPU computers. The

HLT is highly flexible when it comes to changes in the decision trees. HLT first

does partial event reconstruction using the calorimeters and the muon system.

At this stage, it refines the objects created at L1. Then it combines the data

from pixel and tracker for further rejection. The design of the HLT makes it

possible that the offline reconstruction algorithms can be used in the HLT.

The schematics of the CMS trigger and DAQ system are displayed in Fig. 3.9.

For further details, see the trigger CMS technical design reports [57, 58, 59].
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CHAPTER 4

OPTIMIZATION OF ENERGY RECONSTRUCTION IN CMS

USING TEST BEAM 2006 DATA

4.1 Introduction

In this chapter, the performance of the combined EB+HB system, as well as

the optimization of the energy response and resolution are discussed. Section

§4.2 summarizes test beam setup, beam clean-up and particle identification. Sec-

tion §4.3 discusses energy reconstruction and the detector performance. Section

§4.4 outlines the method for energy optimization, and Section §4.5 summarizes

the results.

4.2 Test Beam Setup, Beam Clean-up and Particle Identification

The tests of the EB+HB calorimeter system were performed at the H2 beam

line at the CERN SPS. The H2 beam line setup is displayed in Figure 4.1.

The tests were done in high (10-350 GeV) and low-energy (1-9 GeV) beam

configurations. In the beam line, there are 4 scintillator counters (S1-4) and 4

beam halo veto counters, which have a 7 × 7 cm hole in their center (BH1-4).
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There are three Cerenkov counters (CK1-3) and two time-of-flight (TOF1-2)

counters dedicated to particle ID. Only CK2 and CK3 were used in the test

beam experiment. CK2 was filled with CO2 and CK3 was filled with Freon 134a

gas. As can be seen from the figure, there are several wire chambers in various

locations in the beam line. Just behind HB1 there are 8 muon veto counters

(VM1-8) and far behind the calorimeters there are two muon veto detectors,

namely muon veto front (VMF) and muon veto back (VMB), which is separated

from VMF by a thick absorber to achieve better muon identification.

Figure 4.1: Layout of the testbeam line at H2.

The HCAL part of the calorimeter system consisted of two HB wedges(HB1

and HB2) corresponding to 8 segments covering 40 degrees in azimuth, four HE

segments covering about 20 degrees in azimuth, and the Outer Barrel Calorime-

ter HO. The ECAL part used in the test beam is one of the 36 supermodules,

namely SM9. Both ECAL and HCAL detectors were equipped with the final

CMS production electronics. The entire calorimeter system was placed on a ro-

tatable table whose pivot mimics the interaction point at LHC. The calorimeters
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Figure 4.2: EB,HB and HE on the rotatable table. The white line represents
the beam.

were placed on the rotatable table is shown in Figure 4.2.

To get a clean beam, only single-hit events in the scintillators S1, S2 and S4

were used in the trigger. Moreover, beam halo events and wide-angle secondaries

were removed using the beam halo counters (BH1-4). VMB was used in later

analysis to tag the muons in the high energy beam. To identify the muons in the

low energy beam configuration (VLE), VMB, VMF and the muon veto counters

(VM1-8) were utilized. At low beam momentum, electron contamination in the

pion beam was dominant. Therefore, in addition to CK2, which was dedicated

to electron tagging at VLE, CK3 also was used to remove the electrons in the
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pion beam since CK3 could identify pions down to 4 or 5 GeV/c, depending

on the pressure setting used during the data taking. Protons/antiprotons and

kaons in the pion beam were identified using time-of-flight counters and CK3.

4.3 Energy Reconstruction and Detector Performance

HCAL and ECAL rechits, which is the energy in a cell of the calorimeter

in units of GeV, were used for energy reconstruction. Six time-slices were used

for HCAL signal reconstruction. ECAL uses phase dependent weights for the

reconstruction [61]. Energy was collected in η × φ = 4 × 3 towers for HB, while

3 × 2 towers were used for HO and 7 × 7 crystals were used for EB. Pedestals

are measured and subtracted separately for each run.

Energies in EB and HB are displayed in a scatter plot for four different

energies shown in Fig. 4.3. For these plots, EB energies are calibrated using

electrons and HB energies are calibrated using 50 GeV pions.

For this study, EB was calibrated using 50 GeV electrons. There are two

possible ways to calibrate the HB energy. One uses 50 GeV pions and the other

electrons. When the calibrated EB and HB energies are combined, we obtain

a more linear response in the first case, and better energy resolution but worse

linearity in the second case. We chose to calibrate the HB with electrons as well.

The HO energy scale calibration was optimized using the HO weight that gives

the best HB+HO energy resolution at a beam momentum of 300 GeV/c. The
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Figure 4.3: Plots of energy in EB vs energy in HB for a) 300, b) 30, c) 9 and d)
2 GeV beam momenta.
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resulting responses for different particle species are displayed in Fig. 4.11.
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Figure 4.4: EB+HB performance for π±, p, p and K± as a function of beam
momentum [50].

It is seen that the response to antiprotons is higher than the pion and kaon

energy response, and the response to protons, lower. The lower response of

protons can be explained by baryon number conservation in the interaction of the

protons with the detector material, and the “Leading Particle” effect. In showers

induced by protons, a leading baryon is produced in the early stages of the shower

development, unlike the showers induced by pions in which the leading particle

is a neutral pion [49]. If the available energies (i.e. kinetic energies) are used the
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difference between pions and protons/antiprotons is reduced to roughly ∼ 5%.

4.4 Optimization of Energy Reconstruction

The energy response to pions is not a linear function of the incident energy

for non-compensating calorimeters. For these types of calorimeters the ratio of

conversion efficiency of electromagnetic to hadronic energy producing a visible

signal (e/h) is different from one. This is due to the fact that a significant

fraction of the incident energy goes into exciting the sampling medium and the

resulting nuclear break-up does not contribute to the measured signal. This

results in a non-linear response since the fraction of electromagnetic energy in

a hadronic shower f0 increases with energy. In addition, the fluctuations in f0

result in increased energy resolution. The e/h ratio is intrinsic to each type of

calorimeter system. It can not be measured directly, but it can be inferred by

measuring the π/e response.

The method used to correct and optimize the total energy using observed EB

and HB energies and the known beam momentum is described below. Thresholds

are applied on EB and HB energy clusters constructed from 7 × 7 EB crystals,

4×3 HB towers and 3×2 HO towers. If the energy in the cluster is less than the

threshold for that event the energy of the cluster is set to zero. The thresholds,

which are set at least 3σ away from the noise levels, are 0.8, 1.0 and 2.0 GeV

for EB,HB and HO respectively. (The energy correction procedure was checked
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by first applying the thresholds on individual HB towers and EB clusters. Very

similar results were obtained for the sample means and rms values of the energy

distributions).

The next step after applying thresholds is to parametrize the π/e for HB as

a function of the mean HB energy using only events that deposit a minimum

ionizing energy in EB (EEB < 1 GeV). Down to ∼ 10 GeV/c, π/e is:

π/e =
1 + (e/h− 1)f0

e/h
(4.1)

where f0 is parametrized using Wigmans’ function [80] given by f0 = 0.11log(P0).

The result of the fit, when the horizontal axis is the beam momentum, gave 1.41

for the value of e/h. Below ∼ 10 GeV/c, π/e is represented through another

logarithmic function, in the form a log(P0)+b. Further studies are planned to un-

derstand the physics behind logarithmic function describing the low energy(< 10

GeV/c) points.

Fig. 4.5 displays the π/e for HB as a function of the log of the mean HB

energy. Fig. 4.6 shows the fit with the 4th order polynomial. Down to ∼ 8

GeV, the Wigmans’ parametrization with e/h′ = 1.39, and below 8 GeV, the

logarithmic function 0.179 log(EHB) + 0.413 describe the data well. The e/h

value determined from the fit in which the argument is P0 and when it is EHB

are differentiated. In the latter case it is denoted by e/h′. The latter case

is used for the analysis. Similarly, the Groom parametrization [81] instead of

Wigmans’ parametrization for f0 yielded e/h ≈ 1.3 in the same energy range.
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Figure 4.5: π/e vs log < EHB > for HB only. Above 8 GeV the data is
parametrized using Wigmans’ method with e/h’=1.39 and the data below 8
GeV is parametrized using a logarithmic function.
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is parametrized using a logarithmic function. The data is also fitted to a 4th

order polynomial.
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The Wigmans function can be extrapolated up to very high energies without

π/e becoming larger than one.
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Figure 4.7: Measured < (π/e)EB > vs log(EEB) with and without the cuts on
EEB. The linear fit to these data are also shown.

After correcting the HB energy points using the above function, the mean

π/e for EB, < (π/e)EB > is estimated using the known beam momentum (P0)

as a function of mean observed EB energy (EEB) for each beam momentum;

(π/e)EB =
EEB

P0 − E∗
HB

(4.2)

where E∗
HB is the corrected HB energy, EHB/(π/e)HB. The mean π/e for EB as

a function of the logarithm of the observed EB energy shows a linear behavior

(see Fig. 4.7). In this plot there are two different cases: the open circles represent

the data calculated with the cuts EEB < 0.2P0 and EEB > 0.6P0 representing

a more pure sample. The latter cut removes the events from charge exchange
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reaction. The former cut removes the MIP in ECAL events including the tail

of the MIP energy distribution from the bremsstrahlung. The filled circles are

the data points calculated without these cuts. Notice that although both of the

data points are well-represented by a logarithmic function, the fluctuations are

less in the case when we select certain portion of the events with the EEB cuts.
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Figure 4.8: a) π/e corrected energy of EB+HB combined system. b) π/e cor-
rected response of EB+HB combined system as a function of the EB energy
fraction and the fitted cubic function in EB energy fraction. c) and d) are the
energy and response corrected with the cubic function in b).
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Therefore the cuts on EEB for the analysis are used. The function represent-

ing < (π/e)EB > is of the form

< (π/e)EB >= aElog(EEB) + bE (4.3)

The best fit parameters are aE = 0.057 and bE = 0.49. After correcting the EB

energies using the above function, E∗
EB = EEB/(π/e)EB, we found that the π/e

correction overestimates the energies for events with large EB energy fractions,

Z ≡ EEB/(EEB +EHB) > 70%. This is expected since these events correspond

to the cases when a pion shower in EB fluctuates largely to neutral particles.

Also the response corresponding to an EB fraction of about 0.4 is lower due to

the energy lost in the inactive region between the active elements of EB and

HB. The π/e corrected EB+HB energy and response obtained from the 100

GeV/c pion beam as a function of EB fraction is displayed in Fig. 4.8 a) and b),

respectively. This nonlinear response was fit to another correction function;

<
E∗

EB + E∗
HB

P0

>= 0.4119Z3 − 0.09584Z2 − 0.08392Z + 1.00 (4.4)

This function is used and as seen from Fig. 4.8 c) and d) the linearity is restored.

4.5 Results

The raw and corrected energy resolution using RMS and sample means are

displayed in Fig. 4.9. The resolution is parametrized as;

σ

E
=

a√
E

⊕ b (4.5)
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where a is the stochastic and b is the constant term, and the factors are combined

in quadrature. The raw resolution of the EB+HB system is found to have

111% stochastic and 9% constant term. After the corrections, the stochastic

term reduces to ∼ 94% and the constant term becomes 8%. The corresponding

resolution plot using the Gaussian fit values down to P0 = 6 GeV/c are displayed

in Fig. 4.10. The mean energy response and the response after all the corrections

for each energy point are displayed in Fig. 4.11 and Fig. 4.12 for sample mean

and Gaussian fit cases respectively. The corrected mean response remains in the

range ∼ 96% − 105%.

A simpler method can also be used to correct the energies in the test beam

data by optimizing the EB and HB weights (α and β) in Etot = αEEB + βEHB.

When α = 1.5,β = 1.2 for beam momenta higher than 9 GeV/c and α = 1.9,β =

1.5 for beam momenta less than 9 GeV/c are used the stochastic term becomes

∼98% and the constant term becomes ∼11% and response is ∼100% for all

energies.

It is important to note that the method presented above used the beam

momenta. But in practice, when applying this method, only observed EB and

HB cluster energies are needed.

For this method to be useful, it should be applicable to jets. However, directly

applying the correction method determined from single particle energies on the

jets is not possible. This is because jets are formed both from isolated as well
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Figure 4.9: Raw and π/e corrected energy resolution curves determined from
sample means and rms values.
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as non-isolated objects. Jets are a mixture of electromagnetic and hadronic

objects. If the photons from π0’s in a jet can be separated from the charged

hadrons, then the corrections determined in this study can be applied on the

charged hadrons and the jet then can be reconstructed with a better response

and resolution. Separation of the photons and the charged hadrons is possible

by using the tracker information. Also, particle flow methods might be useful

in this direction, because it provides a way to distinguish all the particles in an

event.
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CHAPTER 5

SEARCH FOR A STANDARD MODEL HIGGS BOSON IN

CMS VIA VECTOR BOSON FUSION IN THE

H → WW → lνlν CHANNEL

5.1 Introduction

One of the primary goals of the LHC experiments is to prove or disprove the

existence of the Higgs boson. The LEP experiments set the lower limit on the

Standard Model (SM) Higgs boson at 114.4 GeV for a 95% C.L. [62], and unitar-

ity puts an upper limit of about 1 TeV. Even more constraining are the results

of fits to precision electroweak measurements, which limit the mass of a Stan-

dard Model-like Higgs boson to be less than about 194 GeV [35] at 95% C.L. In

extended Higgs sectors, there is often one scalar boson that resembles the Higgs

boson of the Standard Model, and is responsible for electroweak symmetry-

breaking. The mass of such a Higgs must also satisfy these constraints ap-

proximately. In the Minimal Supersymmetric extension of the Standard Model

(MSSM), there is a more stringent bound coming from the internal constraints of

the theory; the lightest Higgs boson must have a mass less than about 135 GeV.
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Figure 5.1: Feynman diagram for Higgs boson production through Vector
Boson Fusion. The Higgs boson decays into W’s which further decay into
electron/muon-neutrino pairs.

For these reasons, we focus on the mass region 120 < mH < 200 GeV.

The two main decay modes of the Standard Model Higgs boson in this mass

range are H → bb̄ and H → W+W−. In the latter case, one of the W bosons

may be off the mass shell. If the Higgs boson is heavier than about 135 GeV,

the WW ∗ branching fraction will dominate, but it can be important for masses

as low as 120 GeV. In this study, we consider the decay H → WW ∗ with the

subsequent decay of the W -bosons to two charged leptons.

Higgs bosons may be produced in pp collisions when radiated off the virtual

W -boson that is exchanged in the t-channel - this is called “Vector Boson Fusion”

(VBF). The Feynman diagram for this process is shown in Fig. 5.1. This channel

has good prospects for the discovery of a Standard Model Higgs boson, especially
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if it is not too heavy because of the distinctive VBF topology which contains

two jets with small angles with respect to the beam axis. Furthermore, when

the Higgs decays to two W -bosons, the presence of the HWW vertex both in

production and decay of the Higgs boson gives a relatively clean determination

to the HWW coupling. Given the Higgs mass the Standard Model is completely

determined, so that a measure of HWW coupling over-constrains the SM. This

will be crucial to establishing the origin of electroweak symmetry breaking.

The VBF mechanism was proposed as a potential discovery channel several

years ago [64]. The initial study of this channel for the CMS detector was

carried out in 2002 [65], with a number of simplifications. The conclusion of

this previous CMS study was that a convincing signal for a Higgs boson with a

mass of 120 GeV would be observed with about 70 fb−1. In the present study,

we repeat the entire analysis in the mass range 120–200 GeV, using the latest

simulation and reconstruction software for CMS in order to verify and improve

the 2002 study. A similar study of this channel for the ATLAS detector was

performed in 2004 using different generators and slightly different cuts [66]. We

also studied the background and Higgs mass determination using the data.

The VBF process is characterized by two forward jets with modest trans-

verse momentum, ET ≈ mW/2, separated by a large rapidity difference. The

Higgs boson signature is at low rapidity, with a pair of clean, isolated leptons

and missing energy. The main backgrounds for this channel are the irreducible
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continuum W+W− production, and tt̄ in which both top quarks decay semi-

leptonically. These backgrounds are particularly troublesome when there are

extra jets, j, in the event, so we have taken particular care with the generation

of W+W−jj and tt̄j events.

5.2 Event Generation

The signal process and the W+W−jj background have been simulated on

the basis of a matrix-element calculation using MadGraph [67]. For the tt̄j

background, we used the AlpGen [68] package which correctly simulates spin

correlations. We simulated the parton showers using Pythia [69], within the

CMKIN [70] framework. MadGraph and AlpGen calculations are made leading

order (LO). The parton distribution functions used by MadGraph and AlpGen

are CTEQ6L1 and CTEQ5L1 respectively. The minimum transverse momentum

cut on jets is 15 GeV, and the pseudo-rapidity is limited to |η| < 5. We required

a separation of any jet pair, namely, ∆R > 0.5, where ∆R =
√

(∆η)2 + (∆φ)2.

Next-to-leading order (NLO) cross sections differ from LO cross sections by

∼ 30% for a 120 GeV Higgs boson and ∼ 10% for a 200 GeV Higgs boson [71].

However, since there are no NLO cross section calculations for the backgrounds,

the LO cross sections are used consistently for both signal and background pro-

cesses in this study. The cross sections are listed in Table 5.1. The ‘electroweak’
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(EW) part of the W+W−jj process is defined as the subsample with no αs-

dependent vertex in the diagrams, and the ‘QCD’ part is the rest of this process.

Note that the EW part is topologically very similar to the signal and hence is

almost irreducible.

Table 5.1: Production cross section for the signal(qqH) and the main back-
grounds

Channel cross section [pb] WW branching ratio σ×BR [pb]

mH=120 4.549 0.133 0.605
mH=130 4.060 0.289 1.173
mH=140 3.648 0.486 1.773
mH=160 3.011 0.902 2.715
mH=180 2.542 0.935 2.376
mH=200 2.177 0.735 1.600

ttj 736.5 1. 736.5
WWjj QCD 43.6 1. 43.6
WWjj EW 0.933 1. 0.933

5.3 Detector Simulation and Event Reconstruction

We processed the generated events through the CMS detector simulation

software (OSCAR 3 6 5) which is based on the Geant-4 simulation of the CMS

detector. We simulated pile-up from out-of-time interactions representing the

low-luminosity LHC running condition (∼ 2 × 1033 cm−2s−1). Subsequently,

we processed digitized information (digis) was processed using the CMS event

reconstruction software (ORCA 8.7.4). The events are analyzed using ExRoot

which is an ORCA package to produce root trees out of CMS data samples.
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5.3.1 Trigger

We refer to Ref. [72] for the planned trigger table. The inclusive electron

trigger has an ET -threshold of 26 GeV, which is too high for our purposes.

Therefore we will augment this trigger with the di-electron trigger, which has a

threshold of 12 GeV for both electrons. The pT -threshold for the inclusive single

muon trigger is 19 GeV, which is well suited to this analysis. Concerning the e-µ

channel, we plan to use the e+µ di-lepton trigger, which will have a threshold

of 10 GeV for each lepton. The efficiency for the L1+HLT trigger with respect to

our offline cuts varies from about 95% to 99% based on Ref. [73]. This presents

no significant effect at the current state of our analysis.

There will be lepton+jet triggers which should be very useful for this analysis

if lower lepton thresholds are needed. However, since the details for these triggers

are not available at this time, we have based our study solely on the leptonic

triggers.

5.3.2 Lepton Reconstruction and Identification

We have used standard packages and selection criteria for muon and electron

identification. Below, we describe our assessment of the identification efficiency.
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5.3.2.1 Muons

Muon reconstruction starts with the reconstruction of positions of hits in DTs,

CSCs and RPCs. Then the hits within each DT and CSC are matched forming

segments. Then the seeds are constructed by matching and combining the seg-

ments. The seeds contain position, direction and estimated pT . This seed is used

as an initial guess for the track fit that uses the segments. The result is a Stand

Alone Muon. Stand Alone Muon reconstruction uses only muon detectors.

The Global Muon reconstruction uses Stand Alone Muons as seeds. The

Global Muon reconstruction takes muons detected in the muon chambers and

extrapolates their tracks into the silicon detectors to pick up additional hits

and so better define the kinematics. This extrapolation takes into account the

energy lost by the muon as well as multiple Coulomb scattering at low pT ’s.

For a muon with pT = 100 GeV , the momentum resolution expected from a

Stand Alone reconstruction is ∼ 12% and from a Global Muon reconstruction is

∼ 1.5%. Expected muon reconstruction efficiency is 95− 99% for Global Muons

[45].

In this study, we use the “global” muon reconstruction. Muons are found

within |η| < 2.4. The overall muon reconstruction efficiency in this range is

≈ 95% for 10 < pT < 30 GeV and 97% for pT > 30 GeV.
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5.3.2.2 Electrons

Electrons are reconstructed by combining super-clusters [74, 75] and Kalman

tracks [76]. The track – super-cluster (SC) matching condition is ∆R < 0.15.

Such tracks should have at least four hits, and transverse momentum pT >

5 GeV. If several tracks satisfy these conditions, then the one having the least

difference |pT −ET | is taken. We reject the electron candidates if ESC
T < 10 GeV

or |ηSC| > 2.0. The probability for a generator level electron with pT > 10 GeV

and |η| < 2.0 to be reconstructed within ∆R < 0.2 is ∼ 92–98% for 10 <

pT (gen) < 20 GeV and ∼ 98–99% for pT > 20 GeV. These reconstructed elec-

trons are said to be identified if they satisfy the following conditions,

EHCAL

EECAL

< 0.05 (5.1)

|∆η(trk, SC)| < 0.005 (5.2)

ESC

ptrk
> 0.8 (5.3)

| 1

ESC
− 1

ptrk
| < 0.06 (5.4)

The first of these conditions utilizes the fact that EHCAL/EECAL is quite dif-

ferent for electromagnetic and hadronic objects, that is hadrons deposit large

fraction of their energy in HCAL and electrons deposit all of their energy in

ECAL. The ratio ESC/ptrk should be about 1 for electrons. But there are two

different cases causing tails in both sides of 1. Single pions leave part of their

energy in ECAL but the tracker detects its energy fully. This causes a lower
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tail and hence the third condition is needed. The higher tail is caused by the

electrons emitting bremsstrahlung radiation. In those cases the measured track

momentum is underestimated while the ECAL sees all the energy.

π0 component of jets do not leave any energy in the tracks but a lot in ECAL.

Therefore, a cut on ESC/ptrk from above is needed to get rid of jets. This can

be achieved in a less energy dependent way[77] with the cut defined in Eq. 5.4.

Electrons loose energy through bremsstrahlung that they would not be per-

fectly isolated if we only use the calorimeter information. Therefore an isolation

variable is defined using the calorimeter as well as the tracker. The isolation

variable is defined by taking the sum of the pT of all the tracks (except the

electron candidate) within a cone of ∆RSC < 0.2, and dividing by the ESC
T .

The tracks entering this sum must have at least four hits, pT > 0.9 GeV, and

|ztrk−ze| < 0.4 cm, where z is the position of the track along the beam line. We

place the requirement that this isolation ratio be smaller than 0.2. The overall

single electron efficiency for electron isolation and identification is ≈ 80% for

10 < pT < 30 GeV and ≈ 90% for pT > 30 GeV. The electron fake rate per jet

is ≈ 3% for 10< pj
T <30 GeV and less than ≈ 0.1% for pj

T > 120 GeV calculated

using the jets from W decay in the associated production and using the forward

jets in the qqH sample.
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5.3.3 Jet and Missing ET Reconstruction and Correction

The cell-level thresholds are set at least 2σ above the noise level to remove

the effects of calorimeter noise fluctuations in jet reconstruction. This is im-

portant since we are mainly dealing with quite low-pT jets in the current study.

Changing the thresholds is done by an implementation of the parameters in

the EcalPlusHcalTower package in ORCA. The thresholds for the corresponding

detector parts are as follows: HB> 0.7 GeV, HO> 0.85 GeV, HES> 0.9 GeV,

HED> 0.9 GeV, EBSum> 0.2 GeV, EESum> 0.45 GeV and no HE thresholds

and no extra thresholds on individual crystals (this is referred to as the Scheme

A in CMS convention). It is found that HF is overestimated by about 15% so

to have a smooth fit function for jet correction, the HF weight is set to 0.85.

We reconstructed the jets using the “Iterative Cone” algorithm, with a cone

size of ∆R = 0.5 and a cone seed ET cut of 1 GeV. We removed the jets from

an event if they match the reconstructed electrons within a cone of ∆R < 0.45.

We calibrated the reconstructed jets using the qqH signal sample. Recon-

structed jets are first matched to generator level jets within a cone of ∆R < 0.12.

We fit the jet response to second-order polynomials as a function of generator-

level jet ET for 20 different η regions covering η = 0 to η = 4 in bins of ∆η = 0.2

(see Fig. 5.2). The difference between the corrected and uncorrected responses

varies by 10% to 30% depending on the jet ET and η values. When applying

the correction to jets with |η| > 4, we used the correction parameters for the
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Figure 5.2: Uncorrected and corrected jet ET response as a function of generator
level jet ET for four different η regions in 0.2 bins.
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last interval |η| = 3.8 – 4.0. The polynomial extrapolation is unreliable beyond

pT = 200 GeV, so we fixed the corrections above 200 GeV to those obtained at

200 GeV. The correction procedure follows ORCA MC jet correction using a

simpler polynomial form given by

p0[η] + p1[η] × PT (jet) + p2[η] × PT (jet)2 (5.5)

for PT (jet) < 200 GeV

p0[η] + p1[η] × 200.+ p2[η] × 2002 (5.6)

for PT (jet) > 200 GeV . We calculated the jet correction function parameters

using the signal sample with and without pile-up for this analysis. We used the

one calculated from the sample with the pile-up events. The response to jets in

the QCD di-jet sample is lower than the response to jets in the qqH sample. This

produces different correction functions. However, in the current study, VBF tag

jets are at high η and have at least pT > 30 GeV and for this part of phase space

the differences between responses (or equivalently, the jet correction functions)

are very small.

In the analysis, we used missing ET (6ET ) calculated from calorimeter hits.We

corrected the 6ET using the sum of the ET difference between the corrected and

uncorrected jets for which the corrected jets have ET > 30 GeV.
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5.4 Event Selection

The strategy of the analysis is not complicated. We select events with two

forward jets separated by a large rapidity difference, veto any event with ad-

ditional central jets, and demand two energetic, isolated leptons in the central

region. Finally, we apply additional cuts on the kinematics and the event topol-

ogy.

5.4.1 Forward Jet Tagging

The jets are ordered in ET after the corrections have been applied. The first

two tag jets should be energetic, so we require ET1 > 50 GeV and ET2 > 30 GeV.

Fig. 5.3 shows the rapidity separation |∆η| between these two most energetic

jets, for the signal(a) and the backgrounds(b-d). It is clear that the jets for

signal events are well separated in rapidity, and we apply the cut |∆η| > 4.2.

We also make sure that they fall in opposite hemispheres by requiring η1 ·η2 < 0.

5.4.2 Central Jet Veto

In the signal process, there is no color exchange between the protons, and

consequently any additional jets will tend to be radiated in the forward direction.

(Recall that we select only leptonic W ’s.) In contrast, the backgrounds will

tend to have additional jets in the central region, especially the tt̄j process.

We take advantage of this distinction by vetoing events with additional jets
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Figure 5.3: ∆η = |η1 − η2| distribution for the forward tag jets which have
ET1 > 50 GeV and ET2 > 30 GeV for a) qqH, mH = 120 GeV and backgrounds
b) tt̄j, c) EW W+W−jj and d) QCD W+W−jj. Note that the EW W+W−jj
background is basically irreducible.
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in the central region. In particular, we consider any jet with ET3 > 20 GeV

and compute the rapidity with respect to the average of the two forward jets:

η0 = η3− (η1 +η2)/2. We veto the event if |η0| < 2. See Fig. 5.4 for distributions

of both signal and background. The probability to find a fake jet from pile-up

events for low luminosity LHC running is shown in Fig. 5.5 as a function of

the ET threshold for the central jet veto. The fake rate is defined as the rate

for pile-up jets satisfying the central jet veto condition in an event where there

are no real jets satisfying those conditions. Therefore, the fake rate is just the

rate of events mistakenly rejected due to pile-up. The loss of events for a ET

threshold of 20 GeV is only about 2%.

5.4.3 Lepton Kinematics

We require two opposite-sign leptons in an event. The most energetic lepton

must have pT1 > 20 GeV, and the other, pT2 > 10 GeV. The pT -threshold for

the second lepton must be low since one of the two W ’s in the Higgs decay is off

the mass shell for low Higgs masses. Fig. 5.6 shows the pT spectra for electrons

in the signal process (mH = 120 GeV). We reject events with more than two

leptons. The two leptons must be well separated from all jets with ∆R`j > 0.7.

In light of the thresholds for the electron triggers, we modified our pT re-

quirements slightly in the di-electron channel. An event is selected if it has two

electrons which satisfy:

87



0ηCentral Jets,
-6 -4 -2 0 2 4 6

-1
E

ve
nt

s/
10

0 
fb

0

1

2

3

4

5

6

7

8

9 a) qqH m=120

0ηCentral Jets,
-6 -4 -2 0 2 4 6

-1
E

ve
nt

s/
10

0 
fb

0

500

1000

1500

2000

2500

b) ttj

0ηCentral Jets,
-6 -4 -2 0 2 4 6

-1
E

ve
nt

s/
10

0 
fb

0

2

4

6

8

10

12

14

16

18

20
c) WWjj EW

0ηCentral Jets,
-6 -4 -2 0 2 4 6

-1
E

ve
nt

s/
10

0 
fb

0

20

40

60

80

100

120 d) WWjj QCD

Figure 5.4: η0 = η3 − (η1 + η2)/2 for the third jet. η of the third jet with respect
to the average of the two forward jets. For signal a) qqH, mH = 120 GeV and
backgrounds b) tt̄j, c) EW W+W−jj and d) QCD W+W−jj.
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Figure 5.5: Fraction of fake central jets per event as a function of ET veto
threshold. A fake is defined as the probability to find at least one jet(due to
pile-up) satisfying the central jet veto conditions, with no ”real” jets satisfying
the central jet veto condition in that event.

Figure 5.6: Electron ET spectra, for the signal process when mH = 120 GeV
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(ET1 > 26 GeV AND ET2 > 10 GeV)

OR

(ET1 > 20 GeV AND ET2 > 12 GeV) .

We find this has a minuscule impact on the acceptance for signal and background

events, compared to the simple cuts ET1 > 20 GeV and ET2 > 10 GeV.

Since the leptons come from the W ’s that come from the centrally-produced

Higgs boson, we require them to be central. If ηhi is the forward-tag jet having

higher-rapidity, and ηlo is that of the lower-rapidity forward-tag jet, then our

requirement can be written ηlo + 0.6 < η` < ηhi − 0.6. This condition must be

satisfied by both leptons. Fig. 5.7 shows the distributions of the related quantity,

η′` = (η`−(ηJ1+ηJ2)/2)×4.2/∆η. This quantity is sensitive to the η distribution

of leptons with respect to the forward tag jets.

5.4.4 Further Kinematic Requirements

After the forward-jet tag, the central jet veto, and the lepton kinematics cuts,

we are left with a sample which still has a large contamination from background

processes. We can further reduce this contamination with some additional kine-

matic cuts.

First, we require the di-jet mass to be greater than 600 GeV (see Fig. 5.8).

Next, we look at the overall pT -balance in the event, by computing the vector

sum of the transverse momenta of the two leading jets, the leptons, and the
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Figure 5.7: Centrality of the leptons, using the quantity η ′` defined in the text
for a) qqH, mH = 120 GeV and backgrounds b) tt̄j, c) EW W+W−jj and d)
QCD W+W−jj.
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missing energy. The magnitude of that sum should be less than 40 GeV (see

Fig. 5.9).

When it comes to the leptons, we require a di-lepton mass M`` < 80 GeV

(see Fig. 5.10). This value is lower than the Z-mass, so that leptonic Z-decays

do not affect the current analysis. A useful distinction arises in the relative

azimuthal angle of the two leptons due to the spin-0 nature of the Higgs bo-

son (see Fig. 5.11, 5.12). We take advantage of this discriminant and require

∆φ < 2.4 radians. Finally, we require that the “WW transverse-mass” be not

too high when looking for Higgs bosons with mass below 150 GeV. The cut is

that MT,WW < 125 GeV, where MT,WW ≡
√

(6ET + ET,``)2 − (6~ET + ~PT,``)2. See

Fig. 5.13 and 5.14 for distributions of this quantity.

5.4.5 Additional Cuts

Additional cuts may be required for bbjj and ττjj backgrounds not pose

a problem. The additional cuts 57.3∆φ(``, 6ET ) + 1.5pHiggs
T > 180 and 12 ×

57.3∆φ(``, 6ET ) + pHiggs
T > 360, and also 6ET > 30 GeV if pHiggs

T < 50 GeV, are

imported from Ref. [64]. Here, pHiggs
T is the vector sum of the transverse energy

of tag jets. The distribution of signal events in the ∆φ(``, 6ET )-pHiggs
T plane is

displayed in Fig. 5.15.

The Drell-Yan production of di-lepton pairs, γ∗ → `+`−, has a large cross

section. In order to reduce this background sufficiently, we impose a di-lepton
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Figure 5.8: Invariant mass distributions for the two forward tag jets, for a)
qqH, mH = 120 GeV and backgrounds b) tt̄j, c) EW W+W−jj and d) QCD
W+W−jj.
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Figure 5.9: The overall pT -balance in the event. for a) qqH, mH = 120 GeV
and backgrounds b) tt̄j, c) EW W+W−jj and d) QCD W+W−jj.
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Figure 5.10: Di-lepton invariant mass distribution after jet and lepton cuts, for
a) qqH, mH = 120 GeV and backgrounds b) tt̄j, c) EW W+W−jj and d) QCD
W+W−jj.
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Figure 5.11: The distribution of the difference in azimuthal angle between the
two leptons, ∆φ after jet and lepton cuts, for a) signal events, qqH, mH = 120
GeV and backgrounds b) tt̄j, c) EW W+W−jj and d) QCD W+W−jj.

96



 [rad]φ∆Leptons 
0 0.5 1 1.5 2 2.5 3

-1
E

v
e

n
ts

/1
0

0
 f

b

0

1

2

3

4

5

6 qqH m=200

Figure 5.12: The ∆φ distribution between the two leptons after jet and lepton
cuts for qqH, mH = 200 GeV

mass cut M`` > 10 GeV and we require 6ET > 30 GeV when the leptons have the

same flavor (see Ref. [64]).

Finally, we impose the cut ∆φ(``, 6ET ) + ∆φ(``) < 3 radians, which increases

the signal-to-background ratio. Fig. 5.16 shows distributions of this quantity.

The resolution of the quantity ∆φ(``, 6ET ) is improved by the 6ET correction.

After all the cuts, the additional backgrounds bbjj, ττjj and γ∗ → `+`− are

only < 1% of the tt̄j and W+W−jj backgrounds [64]. The additional cuts

imposed after transverse mass cut were determined for generator level analysis.

Therefore, we did not include these cuts in the significance, background or mass

estimation but their effects on the signal and other backgrounds are separately

shown in Tables 4-6.
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Figure 5.13: The transverse mass of the two W bosons, MT,WW , for a) signal
events, qqH, mH = 120 GeV and backgrounds b) tt̄j, c) EW W+W−jj and d)
QCD W+W−jj.
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Figure 5.14: The transverse mass, MT,WW , distributions for signal and back-
ground, with Higgs mass = 120, 130, 140, 160, 180 and 200 GeV respectively
shown in a),b),c),d),e),f). The Lower plot (light grey) is the signal, the middle
plot(dark grey) is the background, and the black histogram is the sum.
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5.5 Results

The total accepted signal cross sections range from about 0.8 fb up to 7.2 fb,

depending on the Higgs mass. They are listed in Table 5.2. The contributions

from the e+e− and µ+µ− channel are very similar, and the e±µ∓ channels are

twice as large due to branching ratios. The total efficiency is 3–6%, depending

on mH . The background cross sections are somewhat larger, and there are two

background values corresponding to the “low-mass” and the “high-mass” cuts –

see Table 5.2.

We computed the significance ScP of an excess of events over the tt̄j and

W+W−jj backgrounds, assuming an integrated luminosity of L = 10, 30 and
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Figure 5.16: a) ∆φ(ll, 6ET ) vs. ∆φll and b) the sum of ∆φll and ∆φ(ll, 6ET )
for qqH mH = 120 and for ttj bacground c) and d). The lines correspond to
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101



100 fb−1. ScP is the probability calculated assuming a Poisson distribution with

NB background events to observe equal or greater than a total number of signal

and background events (NS +NB), converted to an equivalent number of sigmas

for a Gaussian distribution [78]. The code to calculate the ScP is taken from

Ref. [79].

The background uncertainty is included in the calculation. This uncertainty

comes from the statistical error in the background estimation and amounts to

about 12% at 10 fb−1, 7% at 30 fb−1 and 4% at 100 fb−1. See Section 5.5.1 for

a discussion of the background estimation.

The results are summarized in Table 5.3. Even for a Higgs mass as low as

130 GeV, a 5σ signal can be obtained with a reasonable amount of luminosity.

For higher Higgs masses, a very strong signal would be expected, and prospects

of a measurement of the cross section for pp → qqH become more promising.

Fig. 5.17 shows the significance for an integrated luminosity of 30 fb−1 as a

function of mH , and Fig. 5.18 shows the minimum integrated luminosity needed

for a 5σ signal also as a function of mH . The individual cut efficiencies with

respect to the starting cross section for 120 and 160 GeV Higgs bosons and the

backgrounds are shown in Tables 5.4,5.5,5.6 for each channel.

We can loosen the analysis cuts to increase signal statistics. We changed the

cut on the highest ET jet to 40 GeV, and the separation between the tagging jets

to η =3.8. The di-jet mass cut is changed to 400 GeV/c2 and we also required
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accepted cross sections (fb)
channel e+e− e±µ∓ µ+µ− sum

“low” mass
qqH, mH = 120 GeV 0.183 0.400 0.253 0.836
qqH, mH = 130 GeV 0.387 0.854 0.601 1.842
qqH, mH = 140 GeV 0.617 1.341 0.955 2.913
tt̄j 1.139 2.621 1.065 4.825
W+W−jj (EWK) 0.081 0.144 0.092 0.317
W+W−jj (QCD) 0.093 0.207 0.119 0.419
all backgrounds 5.561

“high” mass
qqH, mH = 160 GeV 1.587 3.497 2.102 7.186
qqH, mH = 180 GeV 1.362 3.089 1.837 6.288
qqH, mH = 200 GeV 0.815 1.703 1.087 3.605
tt̄j 2.088 4.216 2.024 8.328
W+W−jj (EWK) 0.127 0.245 0.165 0.537
W+W−jj (QCD) 0.192 0.394 0.252 0.838
all backgrounds 9.703

Table 5.2: Summary of accepted cross sections, in fb. A series of assumed
Higgs boson masses is shown, as well as the backgrounds for the “low-mass”
and “high-mass” cuts.

Higgs mass significance L5σ
min

(GeV) 10 fb−1 30 fb−1 100 fb−1 (fb−1)

120 0.72 1.35 2.60 340
130 1.77 3.04 5.85 72
140 2.68 4.79 8.33 33
160 4.54 7.00 13.0 12
180 3.95 6.22 11.6 15
200 2.31 4.03 6.99 45

Table 5.3: Significance of an excess as a function of Higgs mass, for three as-
sumed integrated luminosities. The last column shows the minimum luminosity
required for a 5σ excess.
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Figure 5.17: Significance of the Higgs signal as a function of Higgs mass for a
30 fb−1 integrated luminosity.
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over the tt̄j +W+W−jj background as a function of the Higgs mass.
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Cut H120 H160 ttj WWjjew WWjjqcd

5.261 26.97 8617. 10.74 514.3
pT1 > 50,pT2 > 30 3.742 18.70 6743. 8.838 296.4

∆η > 4.2 1.217 6.067 184.2 2.195 12.22
η1 × η2 < 0 1.215 6.054 183.1 2.193 12.18
Mjj > 600 1.073 5.367 147.2 2.071 9.052

PT − balance cut 0.653 3.353 54.89 1.021 3.298
Central Jet Veto 0.401 2.309 15.04 0.631 1.490

≥2 good leptons w opp. charge 0.269 1.915 10.98 0.483 0.695
ET > 20, 10 or ET > 26, 12 0.250 1.838 10.59 0.475 0.675

|∆R(j, l)| > 0.7 0.250 1.830 10.33 0.471 0.662
Req. leptons between jets 0.235 1.712 4.990 0.417 0.430

Mll < 80 0.235 1.683 2.386 0.144 0.205
∆φll < 2.4 0.220 1.587 2.088 0.127 0.192

MT,WW < 125 0.183 1.139 0.081 0.093
∆φ(ll, 6ET ) + 1.5PT (H) > 180 &

12∆φ(ll, 6ET ) + PT (H) > 360 0.161 1.501 0.936 0.069 0.073
Mll > 10& 6ET > 30(ee, µµ) 0.115 1.303 0.800 0.053 0.060
∆φ(ll, 6ET ) + ∆φll < 172 0.090 0.862 0.420 0.031 0.033

High Mass Cuts
No MT,WW Cut 2.088 0.127 0.192

∆φ(ll, 6ET ) + 1.5PT (H) > 180 &
12∆φ(ll, 6ET ) + pT (H) > 360 1.885 0.114 0.172
Mll > 10& 6ET > 30(ee, µµ) 1.736 0.098 0.152
∆φ(ll, 6ET ) + ∆φll < 172 0.651 0.052 0.046

Table 5.4: Accepted signal (for mH=120,160 GeV) and major background cross
sections in fb for the H → WW → eeνν final state.
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Cut H120 H160 ttj WWjjew WWjjqcd

10.57 53.24 17230. 21.48 1029.
pT1 > 50,pT2 > 30 7.290 35.54 13320. 17.22 537.1

∆η > 4.2 2.458 12.56 358.5 4.533 24.39
η1 × η2 < 0 2.454 12.55 355.5 4.526 24.25
Mjj > 600 2.149 11.08 282.0 4.299 18.28

PT − balance cut 1.398 7.390 117.4 2.405 8.287
Central Jet Veto 0.879 5.128 32.70 1.502 4.123

≥2 good leptons w opp. charge 0.670 4.388 25.07 1.186 2.102
ET > 20, 10 0.544 4.079 23.47 1.131 1.975

|∆R(j, l)| > 0.7 0.539 4.052 21.71 1.100 1.881
Req. leptons between jets 0.506 3.748 10.60 0.920 1.068

Mll < 80 0.505 3.685 5.014 0.301 0.447
∆φll < 2.4 0.480 3.497 4.216 0.245 0.394

MT,WW < 125 0.400 2.621 0.144 0.207
∆φ(ll, 6ET ) + 1.5PT (H) > 180 &

12∆φ(ll, 6ET ) + PT (H) > 360 0.329 3.105 1.880 0.109 0.153
6ET > 30 if pT (H) < 50 0.323 3.084 1.823 0.105 0.153
∆φ(ll, 6ET ) + ∆φll < 172 0.239 2.003 0.798 0.066 0.08

High Mass Cuts
No MT,WW Cut 4.216 0.245 0.394

∆φ(ll, 6ET ) + 1.5PT (H) > 180 &
12∆φ(ll, 6ET ) + PT (H) > 360 3.418 0.202 0.334

6ET > 30 if pT (H) < 50 3.361 0.199 0.334
∆φ(ll, 6ET ) + ∆φll < 172 1.709 0.107 0.173

Table 5.5: Accepted signal (for mH=120,160 GeV) and major background cross
sections in fb for the H → WW → eµνν final state.

107



Cut H120 H160 ttj WWjjew WWjjqcd

5.133 29.44 8617. 10.77 512.7
pT1 > 50,pT2 > 30 3.357 18.31 6621. 8.332 232.5

∆η > 4.2 1.271 7.391 178.0 2.365 12.11
η1 × η2 < 0 1.268 7.375 176.7 2.360 12.06
Mjj > 600 1.109 6.522 139.7 2.251 8.988

PT − balance cut 0.854 4.947 55.75 1.585 5.768
Central Jet Veto 0.562 3.523 19.55 1.007 3.139

≥2 good leptons w opp. charge 0.430 2.891 16.11 0.772 1.472
ET > 20, 10 0.327 2.605 14.30 0.716 1.324

|∆R(j, l)| > 0.7 0.319 2.537 11.59 0.680 1.186
Req. leptons between jets 0.290 2.298 5.461 0.556 0.548

Mll < 80 0.290 2.226 2.371 0.190 0.271
∆φll < 2.4 0.273 2.102 2.024 0.165 0.252

MT,WW < 125 0.253 1.065 0.092 0.119
∆φ(ll, 6ET ) + 1.5PT (H) > 180 &

12∆φ(ll, 6ET ) + PT (H) > 360 0.200 1.908 0.826 0.075 0.095
Mll > 10& 6ET > 30(ee, µµ) 0.159 1.681 0.746 0.060 0.076
∆φ(ll, 6ET ) + ∆φll < 172 0.134 1.229 0.426 0.051 0.062

High Mass Cuts
No MT,WW Cut 2.024 0.165 0.252

∆φ(ll, 6ET ) + 1.5PT (H) > 180 &
12∆φ(ll, 6ET ) + PT (H) > 360 1.785 0.147 0.229

6ET > 30 if pT (H) < 50 1.678 0.132 0.205
∆φ(ll, 6ET ) + ∆φll < 172 0.746 0.092 0.119

Table 5.6: Accepted signal (for mH=120,160 GeV) and major background cross
sections in fb for the H → WW → µµνν final state.
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the di-jet mass to be lower than 2.5 TeV/c2. Moreover, we loosen the central

jet veto condition by reducing |η0| cut to 1.5 from 2. The results for qqH 120

GeV case and ttj for the eµ channel is displayed in Table 5.7. However, S/
√
B

calculated with the loose cuts is 0.205 and it is 0.268 with our original analysis

cuts and loosening the cuts only increases the accepted number of signal events

by ∼ 20%. Thus, we do not expect much improvement by using looser cuts.

Cut qqH120 ttj

10.57 17234
pT1 > 40,pT2 > 30 7.837 13977

∆η > 3.8 3.272 626.8
η1 × η2 < 0 3.231 609.1

400 < Mjj < 2500 2.922 545.0
PT − balance cut 1.866 239.8

Central Jet Veto (|η0| < 1.5) 1.283 95.48
At least 2 good leptons w opp. charge 0.957 76.34

ET > 20, 10 0.764 71.90
|∆R(j, l)| > 0.7 0.757 67.11

Req. leptons between jets 0.677 27.86
Mll < 80 0.677 14.07

∆φll < 2.4 0.640 12.25
MT,WW < 125 0.520 6.039

∆φ(ll, 6ET ) + 1.5PT (H) > 180 &
12∆φ(ll, 6ET ) + PT (H) > 360 0.416 4.444

6ET > 30 if pT (H) < 50 0.408 4.387
∆φ(ll, 6ET ) + ∆φll < 172 0.286 1.937

Table 5.7: Accepted signal (for mH=120 GeV and for ttj) cross-sections in fb
for the H → WW → eµνν with looser forward jet tagging, di-jet mass cut, and
central jet veto. The production of Higgs is via vector boson fusion.

Concerning systematics, we have first considered the impact of the jet energy

scale. The expected jet energy scale uncertainty in CMS is about 3%. For the tt̄j
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background the scale uncertainty after correction is about 5% for ET > 30 GeV .

In this analysis, the two tag jets are required to have ET1 >50 GeV and ET2 >30

GeV and we reject additional jets in the central region if their ET > 20 GeV .

For the jets with ET ∼ 20 GeV , the cross section uncertainty after jet correction

is about 10%. We re-computed all yields after scaling the raw jet energies up

and down by 10%. In general, signal and background yields correlate, so the

impact on the significance with a 10% jet energy scale uncertainty is less than

∼ 8 − 10% at 30 fb−1 .

We also tested our results for the significances to errors in the 6ET scale.

Increasing the 6ET scale by 10% decreases the significance by 9 – 11%. Decreasing

the 6ET scale by 10% increases the significance by 0.3 – 3.4% depending on mH .

This is a systematic uncertainty on the signal cross section.

We also used the Pythia event generator for our signal as an alternative to

MadGraph. For mH = 120 GeV, the significance obtained with Pythia is higher

by 30% for a luminosity of 100 fb−1, while for mH = 160 GeV, it is higher by

10 %.

We found that the production cross section depends on the choice of scale

(renormalization scale×factorization scale) for the tt̄j background. The tt̄j cross

section is 736.5 pb as reported in Table 1, with the definition of the scale Σm2
T ,

where m2
T = m2

top + p2
T and the sum is over final state light partons. However, if

we change the definition of the above sum to include all the final state partons
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including the heavy quarks, then the cross section decreases to 530 pb. These

two definitions of scale are the defaults in AlpGen 1.3.3 and 2.0.x respectively.

We found that the choice of scale does not affect the kinematics of tt̄j at all.

Moreover, the cross section and kinematics of the qqH process are not affected

by the choice of scale. The significance with the new scale choice is ∼ 18%

higher. Therefore, the uncertainties in the computed tt̄j background make it

very important to measure the background directly in the experiment.

It should be pointed out that the statistical significance of our analysis is

generally a factor of ∼ 2.6–3.2 lower than the significance reported in the study

for the ATLAS detector [66]. There are several reasons for this difference. First

of all, the tt̄j cross section used in Ref [66] is smaller than the cross section

we use by about a factor of 0.7. Furthermore, the ATLAS study includes the

gluon-gluon fusion channel for Higgs production which increases the signal by

about 10%.

Another important difference between the two analyses concerns the cen-

tral jet veto. Our signal simulation generates a larger number of central jets

compared to the ATLAS study, which used the PYTHIA Monte Carlo event

generator. When we compare the signal efficiency after all cuts using PYTHIA

instead of MadGraph, we find a difference of ∼ 5 − 50%. Finally, the very defi-

nition of significance (ScP ) differs between the two studies. The ATLAS study

used a definition which gives a value which is ∼ 9–14% higher for the same
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number of signal and background events. If the number of background events is

reduced, the apparent improvement in the significance increases more dramat-

ically than for our measure of significance. Thus the uncertainty of ∼ 9–14%

should be taken as a lower limit for this particular factor. Considering all of

the above, the differences between our results and those reported in Ref. [66]

can be understood. Nonetheless, these considerations show that there still are

uncertainties in the modeling of this channel which should be investigated by

both experiments.

5.5.1 Background Estimation from the Data

For the Higgs masses considered here, there is practically no signal with

M`` > 110 GeV – see Fig. 5.10. For the present discussion we define this as the

signal-free or control region. Fig. 5.19 shows the M`` distribution computed with

looser cuts (no central jet veto, no pT -balancing cut, |∆η| > 3.5, ηlo +0.3 < η` <

ηhi − 0.3) and the full analysis cuts. The number of events with M`` > 110 GeV

is designated by “a” for the distribution with looser cuts and by “c” for the full

analysis cuts. The number of events for M`` < 80 GeV is designated by “b”

for the distribution with looser cuts and by “d” for the full analysis cuts. The

region 80 < M`` < 110 GeV is excluded from the calculation in order to avoid

any background coming from Z → `+`−. Since M`` > 110 GeV represents the

signal-free region, we can use the numbers a, c and b to estimate the number
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of background events in the region where we expect the signal (i.e., d). Using

the simulations, we find that c/a = 0.097 and d/b = 0.098. The error on this

estimation is dominated by the statistical uncertainty which is
√
c/c ≈ 7%. In

order to obtain the background distribution in MT,WW , we take the distribution

obtained with the looser cuts and scale it by factor of 0.098. A comparison of the

true and rescaled background distributions is given in Fig. 5.20 which indicates

that this ”data driven” method works quite well.
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Figure 5.19: M`` distribution computed with looser cuts and full analysis cuts.
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5.5.2 Sensitivity to the Higgs Mass

The above significance estimates are for a pure ”counting experiment” since

the kinematic cuts makes the events appear in the region where there is the

signal. We can, in addition, use the information contained in the distribution

of MT,WW with regard to the Higgs mass. We infer the mass of the Higgs

boson from the observed distribution in MT,WW by subtracting the data-driven

estimate of the background MT,WW distribution from the distribution obtained

with the full set of analysis cuts. The estimated and real MT,WW distributions

for signal events are shown in Fig. 5.21 for several different Higgs boson masses.

The inferred and the real mean values and shapes approximately agree.

In an effort to obtain a quantitative measure of mH , we can use signal MT,WW

distributions as templates to be compared to the observed distribution. The

comparison is done using the Kolmogorov-Smirnov test, and the results are

shown in Fig. 5.22. A value close to 1 indicates a good match between the

shapes. Comparing the means and shapes of the observed and template distri-

butions, we can differentiate between Higgs boson masses for the cases of 160,

180 and 200 GeV, and for low masses (120 – 140 GeV). To differentiate between

the cases of 120, 130 and 140 GeV Higgs mass, we must reduce the tt̄j back-

ground more or we must have data corresponding to an integrated luminosity

greater than 50 fb−1.
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Figure 5.21: Estimated(dashed) and real(solid) MT,WW distributions for sig-
nal events, with Higgs mass of 120,130,140,160,180 and 200 GeV shown in
a),b),c),d),e) and f) respectively.
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CHAPTER 6

CONCLUSION

An analysis to isolate a discovery signal for a Standard Model Higgs boson

produced by vector boson fusion which then decays into WW ∗ is presented. The

final state in which both of the W bosons decay to electrons/muons is utilized.

The study is based on a full simulation of the CMS detector. Furthermore,

the main backgrounds, tt̄j and W+W−jj, are generated as accurately as is

presently possible. The total accepted signal cross section is 0.8-7.2 fb and

the corresponding signal efficiency is ∼ 3 − 6% depending on the Higgs boson

mass. The results are encouraging, and indicate that a signal with a statistical

significance of over 5σ can be obtained with an integrated luminosity of 11 −

72 fb−1 for Higgs boson masses in the range 130 < mH < 200 GeV/c2. There

are some uncertainties in the backgrounds, therefore a method to determine the

background from data is developed. The analysis shows that the background

can be measured to 7% accuracy directly from the data. This uncertainty is

dominated by statistics for 30 fb−1. CMS is not only capable of discovering

the Higgs boson, but it also can measure some of its physical properties. In
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this study, a method to measure the Higgs mass using the shape of the WW -

transverse mass distributions is suggested.

A method to optimize the energy reconstruction in CMS using the Test

Beam 2006 data in the energy range 4-300 GeV is presented. The corrected

responses become 100% with at most 6% fluctuation and the stochastic part of

the resolution parametrization is improved from 111% to 94%.
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