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Abstract

Large Hadron Collider (LHC) is the world's largest particles accelerators which en-

ables the exploration of physics at the TeV scale. Compact Muon Solenoid (CMS)

as one of the multi-purpose detectors aims to test the Standard Model (SM) mea-

surements and search for the missing part of it (Higgs boson) as well as new physics.

Tau lepton plays a signi�cant role in CMS analysis. Exploiting the advanced meth-

ods for tau reconstruction and identi�cation is a crucial tool to test the standard

model measurements (such as Z → ττ and W → τν cross-section) as a test for lep-

ton universality. In addition, tau lepton incorporates in several analyses involving

search for standard model Higgs boson and beyond standard model. In this the-

sis, after investigating the properties of hadronic decay of tau, we proceed with the

measurement of cross section production of W → τν and �nally search for standard

model Higgs boson decaying to a pair of Z boson with �nal state of 2 light leptons

and two taus has been performed.
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Chapter 1

Introduction

The purpose of Standard Model(SM) is to describe the behavior of all known sub-

atomic particles. All parts of Standard Model have been well tested experimentally

and the only unobserved particle is the Higgs boson which give mass to quarks,

leptons and gauge bosons. Large Hadron Collider (LHC) is the world's largest and

the highest-energy particle accelerator and enables the exploration of physics at the

TeV scale. Compact Muon Solenoid (CMS) is one of the two multi-purpose detec-

tors at the LHC. One of the primary motivations of this experiment is to evaluate

the consistency of the Standard Model at the new energy frontier opened up by the

LHC. The other goal of CMS experiment is to investigate for the last piece of SM

and search for new phenomena such as Super Symmetric particles (SUSY), or new

exotic particles.

Tau leptons play a signi�cant role in physics analyses performed by the CMS ex-

periment. Studies covering diverse topics ranging from electroweak measurements to

searches for Higgs bosons, supersymmetric particles and other new physics phenom-

ena bene�t from e�cient tau reconstruction and powerful background rejection. In

about two thirds of cases taus decay hadronically, typically into either one or three

charged mesons (predominantly π+,π− ) in the presence of up to two neutral pions,

decaying via π0 → γγ, and a tau neutrino. This leads to an experimental signature

that is similar to that expected for quark and gluon jet production. Due to the

large jet production cross section, the experimental challenge in reconstructing and

identifying hadronic tau decays is to discriminate e�ciently between them and jets

misreconstructed as tau candidates.

In the framework of the standard model, tau leptons are produced in decays

of electroweak vector bosons: Z → τ+τ− and W± → τ±ν. These processes have

relatively large cross sections and are the largest sources of tau leptons at LHC.
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The W → τ±ν channel bene�ts from a large production cross section, exceeding

the production rate of Z → τ+τ− by nearly an order of magnitude. However, the

experimental signature of a single tau-jet and undetected neutrino is challenging,

requiring a good understanding of the tau identi�cation and missing transverse

energy (MET).

The study of W → τν production in the τhadν �nal state is an important contri-

bution to tau-physics studies at LHC. Also, W± → τ±ν production has to be well

understood as a test of the standard model and as a measure of important back-

ground process in several searches for new physics. In particular, it is the major

background in the search for the charged Higgs boson in the τν �nal state.

The search for a signal compatible with the production of the standard model

(SM) Higgs boson was the most important guiding criterion to de�ne the perfor-

mance requirements of the CMS detector. The discovery of that signal would, in

particular, shed light on the mechanism of spontaneous breaking of the electro-weak

symmetry. Direct searches for the SM Higgs particle at the LEP e+e− collider have

led to a lower mass bound of mH > 114.4 GeV/c2 (95% C.L.) [1]. On-going direct

searches at the Tevatron pp̄ collider by the D0 and CDF experiments set exclusion

limits for the SM Higgs boson in a mass range between 156 and 177 GeV/c2 at 95%

C.L. [2]. The recent measurements at the LHC excluded SM Higgs at 95% C.L.

in the mass ranges 155�190 and 245�450 for the ATLAS and 145�216, 226�288 and

310-400 for the CMS experiment [3, 4].

Tau can play an important role in the SM Higgs boson discovery mainly with

H → ττ for light Higgs and H → ZZ → 2l2τ for heavy Higgs. Studying the

H → ZZ → 2l2τ can complement the search in the H → ZZ(∗) → 4l channel [5] at

Higgs masses above the kinematical threshold for ZZ production. With four leptons

in the �nal state, it provides a clean signature with small background contributions.

Adding all �nal states of the Higgs, leads to increasing the sensitivity of the Higgs

boson search.

This thesis starts with the description of standard model and production/decay

of Higgs boson at the colliders and the most recent results from di�erent experi-

ments. In chapter 2, the LHC machine and several parts of the CMS detector is

described. Chapter 3 is devoted to the Generation, Simulation and Reconstruction
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of the Monte�Carlo samples and an extensive description of reconstruction of par-

ticles. Chapter 4 aims to describe the hadronic decays of tau particles and present

the results of tau identi�cation and fake rate. Chapter 5 proceeds with the measure-

ment of the cross�section of W boson in the �nal state of hadronic tau and �nally

chapter 6, is the search for the Higgs boson in the process of H → ZZ → 2l2τ with

2.1 fb−1 data.





Chapter 2

Standard Model and Higgs Boson

Elementary particle physics addresses the questions, `What is matter made of?'

and `How do they interact?' Matter at the subatomic level, consist of microscopic

particles with vast empty space in between and are categorized in small number of

di�erent types: protons, neutrons, electrons, pions, neutrinos and etc. In addition

there are forces which causes these particles to interact each other. A model to in-

clude these particles and their interactions is so called standard model of elementary

particles and by now all of the aspects of this model is known and the last piece of

this puzzle that has yet to be observed is Higgs boson which is expected to be the

origin of mass as a direct physical manifestation of Higgs mechanism.

2.1 The Standard Model of Elementary Particles

2.1.1 Interactions

As far as we know, there are four fundamental forces in nature. Table 2.1 exhibits

these forces together with their coupling constants, mediator and ranges.

Force Strength Mediator Range

Strong 10 Gluon 10−15

Electromagnetic 10−2 Photon ∞
Weak 10−13 W and Z Boson 10−18

Gravitational 10−42 Graviton ∞

Table 2.1: Table of four fundamental forces in the nature [6]

To each of these force there belongs a physical theory. For gravity there exists

a classical theory (which is the Newton's law of universal gravitation) and for its

relativistic generalization, it is Einstein theory for general relativity. At the moment

there in not a satisfactory quantum theory of gravity. This force which acts as the
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most important force in large scale (i.e. galaxies), is too weak to play a signi�cant

role in elementary particle physics.

The physical theory that describes electromagnetic force is called electrodynam-

ics. The classical formulation of this force (which was also consistent with special rel-

ativity) was formulated by Maxwell. The quantum theory of electrodynamics(QED)

was perfected by Tomonaga, Feynman and Schwinger in the 1940s. QED is one of

the most accurate physical theories constructed so far. Based on the comparison

of the electron anomalous magnetic dipole moment and the Rydberg constant from

atom recoil measurements, there has been found an agreement between theory and

experiment within ten parts in a billion.

The weak force was originally described by Fermi in 1933 as the theory of a

contact four-fermion interaction; which is to say, a force with no range (i.e. entirely

dependent on physical contact). However, it is now best described as a �eld, having

range, albeit a very short range. In 1968 the electromagnetic force and the weak

interaction were uni�ed, when they were shown to be two aspects of a single force,

known as electro-weak force.

The strong interaction is the interaction between quarks and gluons and since

these particles have color, the theory which is a representative of this force is called

Quantum ChromoDynamics (QCD). Although QCD is not tested to the same preci-

sion as QED, it is nevertheless in impressive agreement with extensive experimental

data.

Each of these forces is mediated by the exchanged particles which are called gauge

bosons because they have integral spins and their existence and physical behavior

are predicted and studied by gauge theories. The gravitational forces are mediated

by graviton, electromagnetic forces are mediated by the photons, weak forces by W

and Z vector bosons and strong forces are mediated by gluon.

2.1.2 Particles

In the most general classi�cation, there exist two main types of particles: the matter

constituents, which include quarks and leptons, and the interaction quanta which

incorporate photons and other gauge bosons particles [7].
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Leptons

Leptons are indivisible spin 1/2 particles, without any internal structure. There

are six leptons, they occur in pairs, called generations. Each generation has a

charged lepton with electric charge −e and a neutral neutrino. The three charges

leptons (e−, µ−, τ−) are the familiar electron, together with two heavier particles,

which are called muon and tau. Ignoring gravity, the charged leptons participate

in only electromagnetic and weak interactions, while for the neutrinos, only weak

interactions have been observed and therefore due to their very tiny mass they can

be detected with di�cult procedures.

Name Mass[MeV] Charge Lifetime [s] Major decays

e− 0.511 −1 stable None
νe < 2 eV 0 stable None
µ 106 −1 2.2× 10−6 eν̄eνµ
νµ < 0.19 0 stable None
τ 1777 −1 2.9× 10−13 leptonic (35%) hadronic (65%)
ντ < 18.2 0 stable None

Table 2.2: Properties of leptons [7]

The lifetimes and mass of the leptons are summarized in Table 2.2.

As the lightest charged particles and due to the two conservation laws (charged

and leptons number), electrons can not decay to other particles and therefore it is

stable. Muons decay by the weak interaction (mostly to electrons and neutrinos)

with the life time of 2× 10−6 s.

Among the leptons, taus are interesting particles. Due to their high mass they

can decay either leptonically(with Branching Ratio (BR) of about 35%) to electrons

and muons or decay hadronically(with BR of about 65%) to charged (and neutral)

hadrons. The Feynman diagram for decay of tau is shown in �gure 2.1.

Each generation of leptons is associated with a quantum number, called lepton

numbers. The �rst of these lepton numbers is the electron number, de�nes by:

Le = N(e−)−N(e+) +N(νe)−N(ν̄e) (2.1)

where N(e−) and N(e+) are the number of electrons and positrons, respectively.

For single particles states, Le = 1 for e− and νe, Le = −1 for e+ and νe and it is
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Figure 2.1: Dominant Feynman diagram for the decay of τ

zero for all other particles. Similar way is applied to muon and tau numbers. In the

standard model, the lepton number is postulated to be separately conserved in any

reaction.

Quarks

Similar to leptons, quarks are indivisible spin 1/2 particles, without any structure.

Due to the color con�nement, quarks are never directly observed or found in isola-

tion; they can only be found within bound states (hadrons).

Six distinct types, or �avors, of quarks are known to exist. Like the leptons,

they occur in pairs. Each type, or generation, consist with a quark with charge

+2
3 , (u, c, t), together with a quark of charge −1

3 ,(d, s, b), in units of e. They are

called down (d), up (u), strange (s), charmed (c), bottom (b) and top (t) quarks.

The quantum number associated with the s,c,b and t quarks are called strangeness,

charm, bottom and top, respectively.

Some properties of quarks are given in Table 2.3. Except for the top quark,

these masses are inferred indirectly from the observed masses of their hadron bound

states, together with models of quark binding [7].

Associated to any quark, a quark number is de�ned which is 1 for the quark

and and -1 for the anti-quark. Quarks number needs to be conserved in strong

and electromagnetic interactions while in the weak interaction, only the total quark

number is conserved.

Since quarks can not be found in isolation, they occur in di�erent bound states
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Name Mass[GeV] Charge Lifetime [s] Major decays

down 0.3 -1/3 - -
up 0.3 2/3 - -

strange 0.5 -1/3 10−8 − 10−10 s→ u+X
charmed 1.5 2/3 10−2 − 10−13 c→ (d/s) +X
bottom 4.5 -1/3 10−2 − 10−13 b→ c+X
top 171 2/3 10−25 t→ b+X

Table 2.3: Properties of quarks [7]

which are called hadrons. Hadrons are mostly classi�ed in two di�erent categories

based on the number of constituent quarks:

1. Mesons consist of one quark and one anti-quarks which have integer spin.

The simple example of mesons are charged pions as a bound state of uū and

dd̄ quarks.

2. Baryons(anti-baryons) are the bound states of 3 quarks(anti-quarks) which

have half integer spin. The most well-known examples of baryons are protons

and neutrons which consist of (uud) and (udd) quarks, respectively.

2.2 Electroweak theory

The electroweak theory was originally proposed to solve problems associated with

the Feynman diagrams in which more than one W was exchanged. Figure 2.2 shows

a reaction of e+µ− → e+µ− from exchange of two W bosons.

Such contributions are expected to be small because they are higher order in

the weak interactions; however calculation of these higher order contributions leads

to divergent integrals. In the uni�ed theory, this problem is solved by involving of

diagrams with the exchange of Z0 and photons and when all the diagrams of a given

order are added together the divergences cancel.

This cancellation is not accidental but follows provided that two relations are

hold. One of this relation is called `uni�cation conditions' and relates the weak and

electromagnetic coupling constant:

e

2(2ε0)1/2
= gW sin θW = gZ cos θW (2.2)
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Figure 2.2: Higher order contribution to the reaction e+µ− → e+µ− from exchange
of two W bosons.

where mixing angle θW = cos−1(MW /MZ) is in the range of (0, π/2) and gW and

gZ are coupling constants characterizing the strength of the charged and neutral

current vertices, respectively.

The other one is called `anomaly condition' which relates the electric charges Ql

and Qa of the leptons l and quarks a:

ΣlQl + 3ΣaQa = 0. (2.3)

Where the sum extends over l (all leptons) and a (all quark �avors) and the

factor 3 arises because each quark comes in three color states.

To �nd out the origin of equation(2.2), we make a �ash back to the history of

electroweak.

For the �rst time Glashow tried to unify the weak and electromagnetic interac-

tion to combine them as a single theory and as a manifestation of the one funda-

mental electroweak interaction. The main obstacle in the path through uni�cation

of electromagnetic and weak interactions was the huge discrepancy between their

coupling constant. It was Weinberg and Salam that �nally solve this problem by

exploiting the `Higgs Mechanism'.

One of the structural di�erences between the electromagnetic and weak vertex

factor is that former is purely vectorial (γµ), whereas the latter contains vector
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and axial vector part γµ(1− γ5). A brilliant idea to overcome this problem was to

decompose the particle spinor into left-handed and right-handed components and

absorb the matrix γ5 into spinor. So they would be :

uL(p) =
(1− γ5)

2
u(p) and uR(p) =

(1 + γ5)

2
u(p)

The weak vertex factor (for example in the vertex of electron, neutrino and W

boson) will be re-con�gured from

j−µ = ν̄γµ(
1− γ5

2
)e

to

j−µ = ν̄LγµeL (2.4)

which is now purely vectorial, but it couples left-handed electrons to left-handed

neutrinos. One may write the electromagnetic analog of the above equation by using

chiral spinors (u = uL + uR) which the fundamental vertex in QED would be:

jemµ = −ēγµe = −(ēL + ēR)γµ(eL + eR) = −ēLγµeL − ēRγµeR (2.5)

Now the equations(2.4) and (2.5) look similar to each-other and this is the �rst

step toward building a uni�ed theory.

The next step is writing the negatively and positively charged weak current in

a more compact notation by introducing the left-handed doublet as χL =
(
νe
e

)
as following:

j±µ = χ̄Lγµτ
±χL (2.6)

where τ± are the linear combination of the �rst two Pauli spin matrices. (τ± =

1
2(τ1 ± iτ2))

Exploiting the third Pauli spin matrix into the weak current, the third weak

current would appear:
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j3µ = χ̄Lγµ
1

2
τ3χL =

1

2
ν̄LγµνL −

1

2
ēLγµeL (2.7)

which is the neutral weak current and couple left-handed particles (neutrino to

neutrinos and electron to electrons).

Based on the weak analog of the hypercharge,(Y), which is related to the electric

charge(Q) and the third component of the iso-spin (I3) by (Q = I3+ 1
2Y ), the `weak

hypercharge' current is written as:

jYµ = 2jµ − 2j3µ = −2ēRγµeR − ēLγµeL − ν̄LγµνL (2.8)

which is invariant under SU(2)L ⊗ U(1)Y where SU(2)L refers to weak iso-

spin(involving only left-handed states) and U(1)Y refers to weak hypercharge (in-

volving both chiralities).

Based on GWS model, the three weak iso-spin currents couple, with strength

gw, to a weak isotriplet of vector boson W , whereas the weak hypercharge current

couples with strength g′/2 to an isosinglet B:

− i[gwjµ.Wµ +
g′

2
jYµ B

µ] (2.9)

Now, the last step is to extract the EWK bosons from the above current.

A linear combination of W 1,2 would corresponds to the charged bosons, W±:

W±µ = (1/
√

2)(W 1
µ ∓ iW 2

µ) (2.10)

while the combination of the W 3 and B leads to the neutral bosons Z and γ:

Zµ = −Bµ sin θw +W 3
µ cos θw

Aµ = Bµ cos θw +W 3
µ sin θw

(2.11)

θw is called the `weak mixing angle'.

Consistency of uni�ed electroweak theory with ordinary QED necessitate the

following relation:

gw sin θw = g′ cos θw = ge (2.12)
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which is very similar to the uni�cation condition mentioned earlier.

Now the main question that is addressed here is `by which mechanism is the

SU(2)L ⊗ U(1)Y symmetry of electroweak interaction broken?'

The answer to this question would be in next chapter.

2.3 Higgs Boson

Higgs boson is the last missing piece of the Standard Model theory that so far has

not been observed. The �eld associated to the Higgs Boson could be responsible for

the mass of all other particles and keep the massless particles intact.

Higgs �eld is a �eld that �lls the universe like a water �lls a pool. As particles

move through the universe they acquire mass by interacting with the Higgs �eld.

One way to imagine the Higgs �eld is to imagine trying to walk through a pool. The

water pushes against you making you feel heavier, and making it harder for you to

move. This e�ectively generates inertia or mass. Of course, one can come out of

the pool and walk normally, but particles can never escape the Higgs �eld since it

is everywhere, including the vacuum of space.

2.3.1 Spontaneous Symmetry Breaking

Given a Lagrangian L possessing a particular symmetry(i.e. invariant under trans-

formation), two situations can occur in classifying the lowest energy level of the

system [8]:

• non-degenerate → ground state is unique and possess the symmetries of L

• degenerate → no unique eigenstate to represent the ground state

In the second case, if one of the degenerate states (of the minimum) is selected,

then the ground state would not share the symmetries of L which in the other

word, spontaneous asymmetry breaking has occurred. The asymmetry is not due to

adding a non-invariant asymmetry term to L, but to the arbitrary choice of one of

the degenerate states.
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Goldstone model is a simple example of such a phenomena. The following La-

grangian:

L(x) = [∂µφ∗(x)][∂µφ(x)]− µ2|φ(x)|2 − λ|φ(x)|4 (2.13)

with

φ(x) =
1√
2

[φ1(x) + iφ2(x)] (2.14)

as a complex scalar �eld is invariant under the global U(1) phase transformation

(φ(x) → φ′(x) = φ(x)eiα) and µ2 and λ(>0) are arbitrary real parameters. The

potential energy density of the �eld is written as:

V(φ) = µ2|φ(x)|2 + λ|φ(x)|4 (2.15)

and its minimum depends on the sign of the µ2.

1. if µ2 > 0: V(φ) has an absolute minimum at φ(x) = 0 and therefore, sponta-

neous symmetry breaking can not occur.

2. if µ2 < 0: V(φ) has a local maximum at φ(x) = 0 following by a minimum at

φ0 =
(
−µ2
2λ

)1/2
= 1√

2
v .

Figure 2.3: The potential energy density V(φ) = µ2|φ(x)|2 + λ|φ(x)|4 with λ > 0
and for two di�erent sign of µ2. While for the case of µ2 > 0 the φ(x) = 0 is a stable
minimum for the other case it is unstable maximum.

Figure 2.3 illustrates the potential energy for these two di�erent modes.
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Rewriting the Lagrangian with :

φ(x) =
1√
2

[v + σ(x) + iη(x)] (2.16)

where σ(x) and η(x) are two Klein-Gordon �elds corresponding to two neutral spin

0 particles, one of the �elds would have real, positive mass of
√

2λv2 while the other

is massless and is known as Goldstone boson.

Since by de�nition, there is no particles present in the vacuum, the expectation

value of the �eld in vacuum would be as

< 0|φ(x)|0 >= φ0. (2.17)

Which is the condition of spontaneous symmetry breaking in quantized theory.

2.3.2 Higgs Mechanism

In order the electroweak theory to be invariant under gauge transformation and

guarantee the renormalizablity of the theory, all the particles in the theory should

be massless. Explicit mass term for fermions, would not violate the gauge invariance,

however for GWS model to be invariant under chirality transformation, fermions are

required to be massless. This picture is against our observation from experiments

which require leptons and three out of four vector bosons to be massive. The process

that leptons and W± and Z0 acquire mass in the EWK theory is called Higgs

mechanism. Such mechanism is accomplished by means of a doublet of complex

scalar �eld [8].

φ =

(
φ+

φ0

)
=

1√
2

(
φ1 + iφ2

φ3 + iφ4

)
(2.18)

which is introduced in the EWK Lagrangian:

LEWSB = [Dµφ]†[Dµφ] + V(φ†φ) (2.19)

where the the Dµ = ∂µ − igtaW a
µ + i

2g
′Y Bµ is the covariant derivatives. The

above Lagrangian is invariant under the SU(2)L ⊗ U(1)Y . The Potential term V is

similar to the equation ( 2.15) where for a choice of λ > 0 and µ2 < 0, there would
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be a stable minimum for

φ†φ =
1

2
(φ21 + φ22 + φ23 + φ24) = −µ

2

2λ
=
v2

2
. (2.20)

Choosing a particular value φ for the ground state, leads to spontaneous sym-

metry breaking. Without loss of generality we can choose

< φ >=
1√
2

(
0

v

)
, v2 = −µ

2

λ
(2.21)

The φ �led can thus be rewritten in a generic gauge, in terms of its vacuum expec-

tation value:

φ =
1√
2
e

i
v
φaτa

(
0

H + v

)
, a = 1, 2, 3 (2.22)

where the three �elds φa and the fourth φ4 = H + v are called the Goldstone �elds.

The unitary gauge is then �xed by the transformation

φ′ = e−
i
v
φaτaφ =

1√
2

(
0

φ4

)
(2.23)

The remaining �eld, the Higgs �eld, has now a zero expectation value. Rewriting

the Lagrangian with the φ �eld in the unitary gauge, the LEWSB can be written as:

LEWSB = LHH + LHW + LHZ (2.24)

where the �rst term would be the Higgs term and the other two are vector boson

mass and their couplings to Higgs �eld.

LH =
1

2
∂µH∂

µH + µ2H2

LHW =
1

4
v2g2WµW †µ +

1

2
vg2HWµW †µ

LHZ =
1

8
v2(g2 + g′2)ZµZ

µ +
1

4
v(g2 + g′2)HZµZ

µ

(2.25)

From the above equation, we can �nd the mass of bosons and their couplings to

the Higgs �eld.

Vector Boson Mass
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mW =
1

2
vg

mZ =
1

2
v
√
g2 + g′2

mW

mZ
=

g√
g2 + g′2

= cos θW

(2.26)

Vector Boson Coupling

gWH =
1

2
vg2 =

2

v
m2
W

gHZ =
1

2
v(g2 + g′2) =

2

v
m2
Z

(2.27)

Based on the above relation, the ratio of decay of H →WW to H → ZZ would

be:

BR(H →W+W−)

BR(H → ZZ)
=
( gHW

1/2gZH

)2
= 4
(m2

W

m2
Z

)2
' 2.4 (2.28)

2.3.3 Higgs Production

There are several mechanisms in the proton-proton collider that Higgs can be pro-

duced. These are shown in Figure 2.4.

1. Gluon-Gluon Fusion

Among all Higgs boson production mechanisms at the LHC, the gluon-gluon

fusion is the dominant one over whole mass range, due to the high luminosity

of gluons in p-p collisions. This process is performed via a top quark

triangle procedure. The large cross section production is mainly due to the

large coupling constant of Higgs and top quark. There is about 15 to 20%

uncertainty on the cross section of Higgs from gluon-gluon fusion mostly due

to the parton density function.
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Figure 2.4: Di�erent mechanisms of the Higgs boson production at the pp collisions.

2. Vector Boson Fusion

The vector boson fusion (VBF) is the second origin of the Higgs boson

production which its cross section is approximately, one order of magnitude

less than gluon-gluon fusion in most of the Higgs mass regions; however the

cross section of this mechanism become comparable to Gluon-Gluon fusion for

the high masses of Higgs (about 1 TeV). Due to the presences of two forward

jets in the large psudorapidity regions, this channel has an advantage in terms

of suppressing more backgrounds and increasing signal over background ratio.

The uncertainty in this process is at the order of 10%.

3. Associated Production

The third possible production of Higgs boson in the Standard Model is the

Higgsstrahlung where a vector boson (either W± or Z0) is produced in asso-

ciation with the higgs. The cross section for this processes is even less than

VBF and there is about 20-25% uncertainty for this process of production.

The last possible process is the associated production in the presences of a

pair of tt̄, albeit with lower cross section but cleaner signature in the presence

of two heavy quarks.
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Figure 2.5 compares the cross section of di�erent processes for two di�erent

energy of center of Mass.

Figure 2.5: Comparison of the cross section of di�erent processes for two di�erent
energy of center of Mass, 14 TeV(left) and 7 TeV(right) .

2.3.4 Higgs Decay

The Higgs boson has several decay modes with their branching ratios depending

on the mass. Regarding the mass, the Higgs decay modes is divided into three

complementary low, intermediate and high mass regions. Fig. 2.6 and 2.7 show the

branching fractions of the Higgs boson as a function of mass for the low and high

mass decay, respectively.

1. Low Mass Regions (115 < MH < 140)

In the low mass range, dominated by fermions, there are two important decay

modes:

(a) bb̄ channel, has the highest branching ratio with very huge QCD di-jet

background. Looking for the Higgs in this decay mode is only feasible

for the Higgs which are produced in association with W/Z bosons.

(b) γγ channel, has a much lower branching ratio but resemble as a very clean

channel with only very few backgrounds from qq̄ → γγ (irreducible) and

Z → e+e−(reducible). Assuming that Higgs exist in the region, the mass

can be measured with high precision.
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Figure 2.6: Di�erent decay modes of the Higgs for the mass less than 200 GeV. As
it is shown the branching ratio of each mode depends on the Higgs mass [9]

.

2. Intermediate Mass Regions (140 < MH < 180)

In the intermediate mass range the main channels are the decay of Higgs into

pairs of W and Z bosons.

(a) Branching ratio of H → WW ∗ is always higher than H → ZZ∗ partic-

ularly in the mass regions between 2MW and 2MZ where the Higgs can

decay to two on-shell W and can not decay to on-shell Z. The branching

ratio in this region is very close to 1. Amongst all decay of WW ∗ the

decay into 2l2ν is the most promising channel for the discovery based

on its low backgrounds; however due to the presence of neutrinos in the

�nal states, it is almost very di�cult to measure the Higgs mass with the

precision.

(b) H → ZZ∗ → 4l is also important in this region and in comparison to

WW ∗ channel, despite the lower branching ratio, it can measure the Mass

with high precision due to the presence of the 4 leptons.

3. High Mass Regions(MH > 180)

And �nally for the Higgs in high mass range, decay to pairs ofW and Z bosons

are dominant.
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(a) H → ZZ is the most important one, even though its branching ratio

is less than H → WW , it provides a clean signature. Not only 4l but

also the other decay modes of ZZ, like 2l2q, 2l2ν and even 2l2τ become

important in this range. With the high precision measurement for the

Higgs mass in 4l �nal state, this channel is usually called the "golden

channel".

(b) In the high mass regions, in addition to the H → WW → 2l2ν, the

H → WW → 2qlν mode also become important especially for the

boosted Higgs where 2 high energetic jets in association with one lep-

ton can suppress the background and leads to reasonable signal over

background ratio.

Figure 2.7: Di�erent decay modes of the Higgs for all masses. For the Higgs at high
masses mainly decay to vector bosons are dominant [9]

2.4 LHC is a Higgs Discovery Machine!?

The implication of the Higgs mechanism(which was discussed in section 2.3.2) is the

existence of a single neutral scalar particle, the Higgs boson.

The mass of Higgs particle is not speci�ed, but indirect experimental limits are

obtained from precision measurements of the electroweak parameters which depend
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logarithmically on the Higgs boson mass through radiative corrections. In addition

to indirect search, there have been several direct searches for Higgs boson in the

past, in the LEP and Tevatron accelerators. While LEP has terminated its mission

in 2000, Tevatron was still doing search and is going to stop the data taking by the

end of the September 2011. However the more promising experiment that is eligible

to unreveal the questions from existence of the Higgs boson is LHC.

2.4.1 Indirect Search of the Higgs

Although the Higgs boson mass is not predicted by the Standard Model it may be

constrained by �tting the model to the observed electroweak data. In electroweak

�ts, measured parameters are allowed to vary within their errors and hence indirectly

place limits on the range that the mass of the Higgs boson could take to remain

compatible with the measurements[10, 11].

Figure 2.8 shows the result of this �t for mH , the Higgs boson mass. The

preferred value for its mass, corresponding to the minimum of the curve, is at 92 GeV,

with an experimental uncertainty of +34 and -26 GeV (at 68 percent con�dence level

derived from ∆χ2 = 1 for the black line, thus not taking the theoretical uncertainty

shown as the blue band into account). The upper mass limit at 95% con�dence level

is 185 GeV/c2.

2.4.2 Higgs Search at the LEP

The Large Electron Positron (LEP) collider was CERN's �agship accelerator from

1989 to 2000. The four LEP experiments carried out extensive searches for the Higgs

boson predicted in the context of the Standard Model (SM). Figure 2.9 shows di�er-

ent possible processes that Higgs could be produced at LEP. The prominent Higgs

production channel is in association with the Z boson through the Higgsstrahlung

(e+e− → HZ) which has a kinematic threshold at mh =
√
s − mZ [14]. Small

additional contributions can be added mostly at the end of the kinematic range

of the Higgsstrahlung process from W and Z boson fusion, which produce a Higgs

boson and a pair of neutrinos or electrons, respectively, in the �nal state. Figure

2.10 compares the cross section of di�erent procedure of Higgs mass production at
√
s = 200 GeV. The main search topologies are therefore dictated by the dominant
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Figure 2.8: Electroweak �t for the mass of the Standard Model Higgs boson. The
shaded region labeled "Excluded" corresponds to the lower limit set on the Higgs
boson mass by direct searches. The �t alone gives an upper mass limit of 185 GeV/c2

at 95% con�dence level on the Higgs boson mass[10].
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Higgs decay modes (mostly bb̄ and τ+τ−) and the Z decay modes[1].

Figure 2.9: The Most important Higgs production modes at LEP

Figure 2.10: Cross section for the e+e− production of the Higgs boson of the
Standard Model v.s. Higgs boson mass at 199.5 GeV for three di�erent mechanism.
The cross section for Higgsstrahlung drops rapidly with mH once the kinematic
threshold for HZ production at mH =

√
s−mZ is crossed[12].

Combining the �nal results from the four LEP experiments, ALEPH, DELPHI,

L3 and OPAL, a lower bound of 114.4 GeV/c2 is set on the mass of the Standard

Model Higgs boson at the 95% con�dence level.
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2.4.3 Higgs Search at the Tevatron

At Tevatron, which is a proton-antiproton collider, Higgs can be produced quit

similarly to LHC. However due to the lower energy of collision, the cross section for

Higgs production is lower. Figure 2.11 shows the cross section of Higgs production

at the Tevatron with the energy of center of mass about 1.96 TeV.

Figure 2.11: Cross section of di�erent processes of Higgs production at the Tevatron
with the energy of center of Mass about 1.96 TeV.

All production channels and the decay modes of the Higgs to which the Tevatron

experiments are even marginally sensitive are included in the Higgs search. Then

all search results are combined together and a further combination occurs between

results of CDF and D0 (the two experiment of Tevatron) which leads producing

combined search results with the highest possible sensitivity. Figure 2.12 shows the

latest combination of CDF and D0 with more than 8fb−1 data.

This `Brazil band plot' shows the possibility of the exclusion of the Higgs mass

as a function of the mass. The Y axis is normalized such that the expected standard

model production rate is at unity (such that what is e�ectively drawn is the rate in

units of `times the SM predicted rate'); this means that when the curve goes below

1.0 the corresponding mass values are excluded, at 95% con�dence level.
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Figure 2.12: Tevatron's exclusion limit for SM Higgs boson

Based on the plot, Higgs with mass between 156 < mH < 177 GeV/c2 has been

excluded at the 95% C.L. at Tevatron [2].

2.4.4 Higgs Search at the LHC

Going back to the title of this chapter, the most prominent goal of the LHC is

seeking the standard model Higgs boson. Although so far both Tevatron and LEP

could exclude some parts of the mass phase space, yet it seems that SM Higgs

would be either excluded(in the full mass range) or discovered by CMS and ATLAS

experiments at LHC. Figure 2.13 shows a MC study on the Higgs Boson with CMS

detector with 5fb−1 at 7 TeV. From this plots one can conclude that within this

amount of data CMS can excluded the CM Higgs boson in a whole possible mass

range (from 114 to 600 GeV), provided that no excess of signal is observed.

Latest Results from ATLAS

Search for Higgs boson in ATLAS currently cover nine di�erent decay modes.

Figure 2.14 shows the expected and observed sensitivity of the search for the Higgs

that arises from combining the results of searches in all decay modes studied to date.

The black undulating dashed line shows ATLAS' predicted sensitivity to the Higgs
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Figure 2.13: The CMS Collaboration projected sensitivity to excluding the higgs
boson with 5fb−1 at

√
s = 7 TeV; the black line gives combined (total) sensitivity.

boson in the mass range 100-600 GeV, based on the simulations. The green and

yellow bands correspond to the uncertainty in these predictions. The solid black

line shows ATLAS' limit on Higgs production based on actual data collected. The

plot shows that, with 1-2 fb−1 of data collected, ATLAS can exclude with 95%

con�dence the existence of a Higgs wherever the solid line dips below the horizontal

dashed line at 1 [4].

from ATLAS results, many mass regions are excluded. In some other regions,

there are small excesses above expectations. These regions where the Higgs discovery

is possible are : 115-146 GeV, 232-256 GeV, 282-296 GeV plus any mass above 466

GeV [4].

Latest Results from CMS

CMS has combined 9 channels with the following �nal states:

• H →WW (0,1,2 jets)

• H → ZZ, (4l, 2l2ν, 2l2q, 2l2τ)

• H → γγ
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Figure 2.14: ATLAS's exclusion limit for SM Higgs boson

• H → ττ

• V H → bb̄

With most recent of the LHC data, 1.1�1.7 fb−1, CMS could exclude the SM

Higgs boson at 95% C.L. in three mass ranges 145-216, 226-288, and 310-400 GeV/c2

[3].

A summary of the exclusion of the Higgs mass 95% C.L. made by all experi-

ments[by the end of Summer 2011] is summarized in Table 2.4.
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Figure 2.15: The combined 95% C.L. upper limits on the signal strength modi-
�er m = s/sSM , as a function of the SM Higgs boson mass in the range 110-600
GeV/c2. The observed limits are shown by the solid symbols and the black line.
The dashed line indicates the median expected limit on m for the background-only
hypothesis, while the green/yellow bands indicate the ranges that are expected to
contain 68%/95% of all observed limit excursions from the median.

Experiment Mass Limit Exclusion [GeV] @ 95% C.L.

LEP < 114.4
Tevatron (CDF + D0) [156-177]
ATLAS [155-190], [295-450]
CMS [145-216], [226-288], [310-400]

Table 2.4: Higgs mass exclusion limit made by di�erent experiment. Results based
on the latest report until summer 2011





Chapter 3

Large Hadron Collider and CMS

Detector

3.1 Large Hadron Collider

The Large Hadron Collider (LHC) with 27 km in circumference, is the largest and

highest energy particle accelerator in the world. It is located between 50 to 175 m

under the surface of Switzerland and France. It has been built at the European Or-

ganization for Nuclear Research(CERN) laboratory with the aim to study physical

interactions at the TeV energy scale.

In order to reach its �nal center of mass energy a chain of several accelerators is

needed. Figure 3.1 shows a schematic view of the accelerator chain which provides

protons for the LHC. The proton beams are obtained by stripping the electrons

from hydrogen atom and are injected into the LINear particle ACcelerator LINAC2.

LINAC2 accelerates the protons to 50 MeV, injecting them into the Proton Syn-

chrotron Booster (PSB) where they are accelerated to 1.4 GeV. In the next step,

the Proton Synchrotron (PS), the protons reach 26 GeV and obtain their �nal bunch

structure. Before the bunches enter the LHC ring, they are accelerated to 450 GeV

in the Super Proton Synchrotron (SPS).

In this ring two counter-rotating proton beams will be accelerated to a �nal

center of mass energy of 7 TeV per proton(in the nominal case) resulting in a total

energy of 362 MJ stored in each beam. 1232 dipole magnets with a magnetic �eld

of 8 T are used to keep the protons within the ring. Furthermore 858 quadra-pole

magnets are used as magnetic lenses for focusing and correcting the beams. At the

designed value, each beam will consist of 2808 bunches with gaps of 25 ns between

them. Each bunch will consist on average of 1.15 × 1011 protons and will be 7.48

cm long and 1 mm in diameter.
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Figure 3.1: Schematic view of the accelerator chain for the LHC

At four collision sites the bunches will be squeezed down to 16 µm× 16 µm and

focused at the interaction points where the experiments CMS, ATLAS, LHCb and

ALICE are located. Their locations are indicated as yellow points in Figure 3.2.

ATLAS and CMS are multi-purpose detectors, while LHCb and ALICE will study

b-meson and heavy ion collisions, respectively.

The nominal energy and instantaneous luminosity for the LHC are 14 TeV and

1034cm−2s−1, respectively. Figure 3.3 shows the maximum Instantaneous luminosity

and amount of integrated luminosity delivered to/recorded by CMS experiment in

7 TeV collisions, so far.

For a Gaussian beam distribution, as it will be at the LHC, the machine lumi-

nosity is de�ned as:

L =
γfkBN

2
p

4πεnβ∗
F (3.1)

where γ is the relativistic gamma (Lorentz) factor, f is the revolution frequency,

kB the number of bunches per beam, Np the number of protons/bunch, εn the

normalized transverse beam emittance, β∗ is the β function at the collision point

and F is the geometric luminosity reduction factor due to the crossing angle at the

interaction point (IP).
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Figure 3.2: Schematic layout of the LHC complex and the experiments location

Figure 3.3: Integrated luminosity versus time delivered to (red), and recorded by
CMS (blue) (left) and maximum Instantaneous luminosity per day delivered to CMS
during stable beams at 7 TeV center-of-mass energy(right).
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Table 3.1 shows the nominal proton beam parameters.

Nominal

Energy(per beam) TeV 7
Luminosity cm−2s−1 1034

Bunch spacing [ns] 24.95
Number of bunches 2808

Nb intensity per bunch [p/b] 1.15× 1011

Beam current [A] 0.58
εn (transverse emittance, rms, normalised) [µ m] 3.75

Bunch length, total (4σ) [ns] 1.0

Table 3.1: LHC nominal proton beam parameters

3.2 CMS Detector

The Compact Muon Solenoid (CMS) [13, 14] is a multi-purpose detector for pre-

cise tests of the Standard Model(SM) and physics beyond SM. A schematic of the

detector layout is shown in Figure 3.4. CMS has a length of 21.5 m, a diameter

of 15 m and a weight of 12500 t. As shown in Figure 3.5 it consists several sub-

structures in order to identify and measure the quantities of di�erent particle types

produced in the collisions. It is composed of the tracking system which builds the

innermost part and measures the momentum of charged particles. Surrounding it is

a scintillating crystal electromagnetic calorimeter, which is itself surrounded with a

sampling calorimeter for hadrons which are designed for energy measurement. Both

tracking system and calorimeters are con�ned by the solenoid which generates a

powerful magnetic �eld of 3.8 T. The outer most part of the detector, the muon

system, measures the momentum of muons and identi�es them.

3.2.1 Coordination System

At the CMS detector, the interaction point is chosen as the center of the coordinate

system, the z-axis along the tunnel, the y-axis is slightly toward vertical and the

x-axis pointing to the center of the tunnel. It is described by the radial distance to

the beam-line r, the polar angle θ and the azimuthal angle φ. The polar angle is

measured with respect to the z-axis; θ = 0 corresponds to the positive z-direction

and θ = π to the negative z-direction. The azimuthal angle is measured from
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Figure 3.4: An over view of the CMS

Figure 3.5: Several layer of the CMS Detector
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the x-axis in the xy-plane. φ = 0 points to the +x-direction and φ = π/2 to the

+y-direction. The pseudo-rapidity η is de�ned as:

η = − ln tan(θ/2) (3.2)

Zero value of η corresponds to a moving particles perpendicular to to the z

and η = ±∞ is in the ±z direction. The region of |η| < 1.4 is referred to as the

central region. Both ∆η and ∆φ of two particles are independent of Lorentz boosts,

therefore the distance between two particle(∆R) can be measured in a third Lorentz

invariant variable:

∆R =
√

∆η2 + ∆φ2 (3.3)

3.2.2 Magnet System

A strong magnetic �eld is required to bend the high energy particles enough to

obtain charge identi�cation and momentum measurement. Equation( 3.4) shows

the relation between momentum p, magnetic �eld B and the radius of the curvature

R for single charged particles.

R =
p

0.3B
(3.4)

where R is measured in m, p is measured in GeV and B is measured in T. The

necessary magnetic �eld is provided by the solenoid magnet. It is about 13 m long

and has an inner diameter of 5.9 m. The superconducting is cooled by liquid helium.

It was designed to produce a magnetic �eld of up to 4 T in the inner region. In order

to maximize its lifetime, the magnet will run at 3.8, though which is still 100,000

times stronger than the Earth's magnetic �eld. The current required for this strong

magnetic �eld is 19 500 A resulting in a stored energy of 2.7 GJ.

3.2.3 Tracking System

Since the particle �ux within the detector decreases as 1/r2, the region closest

to the interaction point has the highest requirements on the detector. With a high

occupancy, reconstruction of the tracks is impossible, because too many possibilities

exist to combine hits to a track. For this reason a very strong and powerful tracker
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has been designed for the CMS[15]. It has a length of 5.8 m and a diameter of 2.5 m.

It is immersed in a coaxial magnetic �eld of 3.8 T provided by the CMS solenoid.

A schematic drawing of the CMS tracker is shown in Figure 3.6.

Figure 3.6: A schematic r-z view of the CMS tracking system. All the tracking
subsystems are denoted and their coverage in z and η is also shown. Each line
represents a detector module.

CMS Tracker consist pixel tracker and silicon tracker which are as follows:

Pixel Detector

The pixel detector, though about the size of a shoe box, contains 65 million

pixels, allowing it to track the paths of particles emerging from the collision with

extreme accuracy. It is also the closest detector to the beam pipe, with cylindrical

layers at 4 cm, 7 cm and 11 cm and disks at either end, and so will be vital in

reconstructing the tracks of very short-lived particles. The pixel sensors are 100

µm (in rφ) × 150 µm2 (in z) in size. This leads to a high granularity and therefore

decreases the occupancy below 1% [16]. The pixel detector delivers high precision

space-points with resolutions of 15-20 µm .

Silicon Detector

After the pixels and on their way out of the tracker, particles pass through ten

layers of silicon strip detectors, reaching out to a radius of 130 cm. The tracker
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silicon strip detector has a total of 9.3 million strips and 198 m2 of active silicon

area consists of four inner barrel (TIB) layers assembled in shells with two inner

endcaps (TID), each composed of three small discs. The outer barrel (TOB) consists

of six concentric layers. Finally two endcaps (TEC) close o� the tracker. Each has

silicon modules designed di�erently for its place within the detector. Resolution for

di�erent parts of the silicon detector are di�erent which depend on their position

with respect to the interaction point and are within the range of 23-35 µm for

TIB/TID, 35-53 µm for TOB and 230-530 µm for TEC.

The tracking system provides a transverse momentum resolution for charged

particles, which is given by:

(
∆P

P

)2

= (0.15.pT )2 + (0.005)2 in[TeV 2] (3.5)

It is expected to improve the resolution to 10 % after short-term alignment and

down to 0.025 % after the long-term alignment [10].

3.2.4 Electromagnetic Calorimeter

The next detector layer around the tracking system is the electromagnetic calorime-

ter (ECAL)[17] which has a total coverage of |η| < 3. This subdetector is especially

designed to measure the energy of electron and photons.

ECAL comprises three di�erent components which schematically is shown in

Figure 3.7. They are:

ECAL Barrel (EB)

ECAL has a cylindrical barrel which consist of 61200 lead tungstate (PbWO4)

scintillating crystals. Lead tungstate crystal has such a high density(8.28 g
cm3 ) which

produce scintillation light in a small, fast and well-de�ned photon showers. Con-

sequently measurement from calorimeter would be very precise. EB coverage is to

η = 1.479. Furthermore it allows a compact detector design.

ECAL Endcap (EE)

The two �at ECAL Endcap of the CMS, each consisting 7324 crystal of the same
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type as the EB crystals, seal o� the barrel at either end and complemented the

coverage of the EB to the η = 3.0.

ECAL pre-Shower (ES)

ECAL pre-showers in the CMS detector are located in front of the (EE) and are

made of silicon-strip. They covers 1.653 < η < 2.6. This part of the ECAL is

particularly used to enhance the spatial resolution of those particles in the above

η range by lowering the required detector depth. That would lead to distinguish

between energetic photons (which often are signs of exciting physics) and the less

interesting close pair of low-energy photons.

Figure 3.7: Transverse section through the ECAL, showing geometrical con�guration

When electrons, positrons or photons hit the crystals they create electromagnetic

showers. The number of produced particles in this shower is proportional to the

energy of the incoming particle. Energy deposits within the scintillating crystals

create a �ash of light which is detected by silicon avalanche photo-diodes in the EB

and vacuum photo-triodes in the EE. Electrons and unconverted photons deposit

94% of their energy in an array of 3 × 3 crystals(which is called `cluster') and 97%

in an array of 5 × 5 crystals (which is called `super�cluster'). The energy of the

electron or photon can be obtained by summing the energy measured around the hit

positions while the hit position itself is de�ned as the center of the energy deposit.

In order to retrieve this center each position in a crystal is weighted by the fraction
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of the total energy deposit:

x = (
Σxi.Wi

ΣWi
), Wi = W0 + log(

Ei
ΣEj

) (3.6)

where x is the hit position, xi the centers of the crystals and Wi the weights.

In case of photon conversion or bremsstrahlung radiation in the tracker (which

some times happens due to the interaction of photon and electron with the tracker

material) the energy reaching the calorimeter is spread in φ direction because of

the magnetic �eld. In this case other algorithms are necessary to calculate the hit

position of the initial electron or photon.

The energy resolution for the calorimeter σE
E can be written as [18]:

σ(E)

E
=

2.8%√
E
⊕ 12%

E
⊕ 0.3% (3.7)

`

where the three contributions correspond to the stochastic, noise, and constant

terms, respectively.

3.2.5 Hadronic Calorimeter

The Hadron Calorimeter (HCAL)[19] which consists of layers of dense material

(brass or steel), is supposed to measures the energy of `hadrons'. It is a `sampling'

calorimeter, which means that measuring the position and energy of the particles by

exploiting the alternating layers of `absorber' and �uorescent scintillator materials

that produce a rapid light pulse when the particle passes through. This light is

collected and send into the readout boxes. The energy of a particle is then measures

as the sum of the amount of light over the layer of tile in the depth (which is also

called as tower)

Figure 3.8 is an elevation view of the CMS detector showing the HCAL compo-

nents with lines of constant pseudo rapidity overlayed. They are as follows:

HCAL Barrel (HB)

The HCAL barrel covers the region |η| < 1.4 and consists of about 2300 towers,

resulting in a segmentation of ∆η × ∆φ = 0.087 × 0.087. Each tower consists of
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Figure 3.8: Longitudinal view of one quarter of the detector in the r-π plane, showing
the positions of the HCAL parts: hadron barrel (HB), hadron outer (HO), hadron
endcap (HE) and hadron forward (HF)

alternating layers of non-magnetic brass absorber and plastic scintillator material.

The absorber material has to be non-magnetic to not distort the magnetic �eld.

HCAL Outer barrel (HO)

HCAL Outer barrel are located just behind the HB and outside of the solenoid

and act as `tail catchers' e�ectively increasing the thickness of the calorimeter in

the central pseudo rapidity region and ensure that no energy leaks out the back of

the HB undetected. HO has the same granularity and η range as HB.

HCAL Endcap (HE)

The Hadronic endcap calorimeters (HE) cover the pseudo rapidity range 1.3 <

|η| < 3 and are located in the end parts of the CMS detector and thus are allowed

to contain magnetic material. Here iron is used as the absorber material. The

granularity ramps from ∆η × ∆φ = 0.087 × 0.087 at η < 1.6 up to ∆η × ∆φ =

0.17× 0.17 at 1.6 < η < 3.
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HCAL Forward (HF)

The hadronic forward calorimeter (HF) extends the coverage 3.0 < |η| < 5.0,

which is not covered by any other detector part. It is a Cerenkov light sub-detector

that made up of quartz �bers embedded within a long steel absorber.

Together, the components of the HCAL cover a range of |η| < 5 and only a small

range of < 0.7◦ around the beam direction remains uncovered. This almost total

enclosure of the interaction point is very important for the CMS detector's ability of

determining possible missing transverse energy, caused by neutrinos or a signature

of a new physics.

The expected energy resolution of the full HCAL (including the HO) is

(
σE
E

)2

=

(
120%√
E

)2

+ (5%)2 (3.8)

Combining the energy measurement of ECAL and HCAL, the CMS calorimeter

is expected to achieve a resolution of

(
σE
E

)2

=

(
100%

E

)2

+ (4.5%)2 (3.9)

for energies of 30 GeV < E < 1 TeV.

3.2.6 Muon System

Muon detection and reconstruction is a powerful tool for the discovery of new physics

and precision measurements of standard model physics. This requires the robust

detection of muons over the full acceptance of the CMS detector and over the very

high background rate expected at the LHC. Since muons' life time is large and they

can penetrate several meters of iron without interacting, unlike most particles they

are not stopped by any of CMS's calorimeters. Therefore, muon sub-detectors are

placed at the very edge of the detector[20].

detection of the muons are handled via three muon sub-detectors(Layout of one

quarter of the CMS muon systems is shown in Figure 3.9) arranged in a cylindrical

barrel section and 2 planar endcap regions, with a total area of 25,000 m2 and are

as follows:
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Figure 3.9: Layout of one quarter of the CMS muon system for initial low luminosity
running. The RPC system is limited to |η| < 1.6 in the endcap, and for the CSC
system only the inner ring of the ME4 chambers have been deployed.

Drift Tubes (DT)

The drift tube system aims to measures the muon positions in the barrel part

of the detector. There are 250 tube with 4 cm wide and each contains a stretched

wire within a gas volume. When a muon or any charged particle passes through

DT, they ionize the gas inside the cell and the electrons and ions will accelerate to

the anodes and cathodes, respectively. The drift time, which is a function of the

random di�using motion and the drift velocity due to an electric �eld, provides the

hit spatial resolution for the particle. Figure 3.10 illustrate a cross section of the

CMS drift tube with the anode wire.

Cathode Strip Chamber (CSC)

Cathode strip chambers are used in the endcap disks where the magnetic �eld is

uneven and particle rates are high.

CSCs consist of arrays of positively-charged `anode' wires crossed with

negatively-charged copper `cathode' strips within a gas volume. When muons pass

through, they knock electrons o� the gas atoms, and electron accelerate to the anode

wires and creates an avalanche of electrons. The same procedure happens for ion
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Figure 3.10: Cross section of a CMS drift tube with the anode wire, which is spanned
in the middle of the tube, and �eld lines of drift �eld.

toward the copper cathode. Because the strips and the wires are perpendicular, for

each passing particles two position coordination is dedicated.

Resistive Plate Chambers (RPC)

Resistive Plate Chambers are embedded in both barrel (six layers) and endcap

(three layer). They consist of two thin gas-�lled gaps between Bakelite plates. Two

of these Bakelite chambers are combined via aluminum strips, which are used for the

readout. High voltage is attached to the Bakelite plates, leading to an avalanche

e�ect of free electrons created by incoming ionizing radiation. Due to the small

width of the gas gap, the avalanche reaches the Bakelite plates and is read out

within ∼ 5 ns which is particularly highly e�cient for the L1 Trigger.

All three muon systems(DT, CSC and RPC), take part in the trigger. The bar-

rel DT chambers provide local trigger information in the form of track segments in

the φ -projection and hit patterns in the η -projection. The endcap CSCs deliver

3-dimensional track segments. All chamber types also identify the bunch cross-

ing from which an event originated. The Regional Muon Trigger consists of the

DT and CSC Track Finders, which join segments to complete tracks and assign

physical parameters to them. In addition, the RPC trigger chambers, which have

excellent timing resolution, deliver their own track candidates based on regional hit

patterns. The Global Muon Trigger then combines the information from the three
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sub-detectors, achieving an improved momentum resolution and e�ciency compared

to the stand-alone systems.

3.2.7 Trigger and Data Acquisition

For every bunch crossing at a nominal luminosity of 1034cm−2s−1, 25 collisions are

expected to occur on average, producing soft scattering events with low transverse

momentum particles. Only in rare cases hard scattering processes take place. In

addition it can occur that the same proton takes part in two collisions (pile-up).

Every event produces 1-2 MB of raw data. Taking a bunch crossing rate of 40 MHz

leads to a total data production of 40 TB/s. Since only the hard collisions are of

interest the trigger system was developed to reduce the amount of data with minor

e�ect on interesting events.

The CMS trigger system consists of two independent levels: Level 1 (L1) and

the High Level Trigger (HLT)[21].

L1

In the nominal case, L1 trigger needs to process events every 25 ns. The total

time allowed for making a trigger decision is limited to 3.2 µs, limiting therefore

the time to reconstruct trigger primitive objects to about 1 µs. Therefore, L1

should be a pure hardware trigger which only exploits the calorimeter and muon

system information on its decision. The tracker system is not considered since

the reconstruction of tracks would exceed the time limit of L1 decision. The L1

subsystems are distributed on the respective detector parts where trigger primitives

with reduced granularity and resolution are generated as candidates for the global

L1. The global L1 is located 90 m outside the detector. The latency between the

bunch crossing and the L1 accept signal is 3.2 µs. The signal information is bu�ered

for this period of time. The L1 reduces the event rate from 40 MHz to 100 kHz,

which corresponds to a data �ow of 100 GB/s. The accepted events are passed to

the HLT.
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HLT

The HLT is a software trigger and thus very �exible. It can analyze the entire

high-resolution data with highly complex and customized algorithms if necessary.

The HLT decision is based on the output of all subsystems including the tracker,

but only regions of interest in the tracker, where a L1 object was found before, are

reconstructed. The full reconstructions take place after the HLT at where calibration

data can be used for re-reconstruction. Both triggers reduce the initial input of 40

MHz to 100 Hz.

Figure 3.11 shows an illustration of the L1 and HLT process in the CMS detector

Figure 3.11: illustration of the L1 and HLT process in the CMS detector
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Generation, Simulation and

Reconstruction

4.1 Monte Carlo Generation

4.1.1 Event Generation

To understand and interpret data, sets of Monte Carlo (MC) models are required.

Monte Carlo simulations should describe the real data as realistic as possible based

on theoretical models. The underlying theoretical framework for the description of

interactions between particles is quantum mechanics, where many properties of the

particles, like their momenta, are stochastically distributed. Thus, also the out-

put of a MC event generator should have some �uctuations, which turn to be the

basic distinguishable feature of every MC event generator. Random numbers are

thrown to obtain candidate events, while all signi�cant variables with the predicted

probability distributions are taken into account. But as pp collisions have a com-

plex nature, the event generator subdivides the process into several components as

below[21] :

Parton Distribution

When extended particles like protons collide, the kind of interaction and conse-

quently the simulation parameters depend on the momentum fraction of the partons.

Hard Subprocess

With the term `hard subprocess' one refers to the description of the events based

on the perturbation theory. This can be applied in the case of collisions because

the generation of heavy particles (short-lived resonances) from interactions and the
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subsequent decay to partons happen in a shorter time than the beginning of the

parton shower.

Parton Shower

Higher order QCD e�ects are taken into account in the `parton shower' approach.

For example, MC generators, based on parton branching or showering approach,

describe the evolution of gluon initial-state or �nal-state radiation from partons

until a certain cuto� is reached. Due to this showering, jets of quarks and gluons

are produced in the direction of the primary parton and can be easily detected.

Hadronization

Colored quarks and gluons, produced in the showers, cannot exist as free particles

due to the `color con�nement'. This leads to the formation of quark-antiquark pairs

if two colored particles separate by more than a certain distance. Because of this,

partons in jets have to be grouped into colorless objects, i.e. hadrons which can

be detected. This phenomenon, the `hadronization', proceeds at the scale of large

strong coupling constant, i.e. at the scale of low momentum transfer.

4.1.2 Generators

In order to generate a full and complete set of events, several Monte Carlo gener-

ators need to be adopted. Some of them are only describing the LO interactions

while the others using Matrix Elements, can take care of NLO correction.

The mostly used generator in the CMS is Pythia[22]. It is a program for the gen-

eration of high-energy physics events, i.e. for the description of collisions at high

energies between elementary particles such as e+, e−, p and p̄ in various combi-

nations. It contains theory and models for a number of physics aspects, including

hard and soft interactions, parton distributions, initial�state and �nal�state parton

showers, multiple interactions, fragmentation and decay.

The Pythia picture of the event and the physics which lies below is schematized

as follows:

Initially two beam particles which are characterized by their partonic substruc-

ture come into each other and start showering. One parton from each beam starts
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the shower, i.e. the sequence of branchings (for example q → qg ). One parton

from each of the shower enters the hard process and the out-coming partons are

produced. The short-lived particles like Z and W are produced which immediately

decay to other particles. The out-coming partons undergo a branching process to

build up �nal- state showers.

In the Pythia program, a large variety of hard processes are modelized and avail-

able such as Hard QCD processes(like qg → qg), Soft QCD processes (like di�ractive

and elastic scattering), minimum-bias events and Heavy-�avor production.

Another important generator is MadGraph [23] which has the ability to identify

the relevant sub-processes of a given process. It generates both the amplitudes and

the mappings needed for an e�cient integration over the phase space.

MadGraph is specially preferable with respect to Pythia in the events with many

jets and therefore many particles. It can measure the kinematics of the jets more

precisely.

Other used generators at CMS are POWHEG [24](which is used for NLO cor-

rection), Herwig (which is a Monte Carlo package for simulating Hadron Emission

Reactions With Interfering Gluons) and MC@NLO (which is a package for combin-

ing a Monte Carlo event generator with Next-to-Leading-Order calculations of rates

for QCD processes)

4.2 Detector Simulation

After an event is generated and a full picture of events is ready, the event with all

particles then undergo a detailed simulation of the detector which is called detector

simulation. This simulation is based on the Geant4 [25]. The detector simulation

step takes as input the generated particles, propagates them through the matter

and models physics processes that happen during this passage. The resulting data

are stored in form of `simulated hits'. Subsequently, there is the digitization step

to model the response of the detector readout electronics; signal collection and

electronic e�ects are computed, noise is added and pile-up events are superimposed.

The following step in the analysis of data is called reconstruction and can be applied

independently from the origin of input data (simulation or real data).
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4.3 Object Reconstruction

In the reconstruction phase, the high-level objects, such as jets, tracks, vertices,

leptons are reconstructed and the relative collections are created.

The reconstructions algorithms collect and link informations from di�erent sub-

detectors taking into account also di�erences between the subdetectors themselves,

such as for example calibrations, noise thresholds, readout geometries. To do this,

before the application of any high-level algorithm, a preliminary step is added to

create the so-called `RecHits'. RecHits are objects containing informations such as

energy releases, 3D-position and collected charge of the particle which is interacting

with the subdetector matter. Di�erent RecHits collections are created for each dif-

ferent part of the detector but the type of the associated information is the same.

The main advantage of RecHits objects is that di�erent high level reconstruction

algorithms can share the same code; It is just the input RecHits collection that

should be changed accordingly to the desired output high-level object type.

In the following, reconstruction algorithms of some of the high-level objects are

prescribed.

4.3.1 Tracks

The reconstructed tracks of charged particles are one of the most fundamental

objects in the reconstruction of pp collisions, since the reconstruction of leptons,

charged hadrons, jets, and etc would highly depend on track reconstruction [26, 27].

In addition, Particle Flow algorithm, which is an algorithm to reconstruct Jets,

MET and Taus with high resolution are based on a perfect Track reconstruction.

The default track reconstruction at CMS is performed by the combinatorial

track �nder (CTF). Triplets of hits in the tracker or pairs of hits with an additional

constraint from the beamspot or a vertex are used as initial estimates, or seeds of

tracks. The seeds are then propagated outward in a search for compatible hits. As

hits are found, they are added to the seed trajectory and the search continues until

either the limit of the tracker is reached or no more compatible hits can be found.

In the �nal step, this collection of hits is �t to obtain the best estimate of the track

parameters.
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Tracking system of CMS is able to to reconstruct tracks with pT as low as 0.7

GeV/c in the central region (η ∼ 0) to the tracks with pT near to 1 TeV/c.

4.3.2 Vertices

Two di�erent concepts are usually discussed under vertices reconstruction: primary

vertex and beamspot[26].

Primary Vertex

The Primary Vertex (PV) indicates the real point where particles collide, which can

be di�erent from the nominal interaction point (IP). The actual CMS algorithm for

the PV �nding uses fully reconstructed particles. First there is a track preselection,

based on the distance of closest approach to the beam which is quanti�ed considering

the transverse impact parameter signi�cance, i.e. the ratio of the transverse impact

parameter d0 divided by its uncertainty, which is required to be < 3. Then tracks are

further selected requiring their pT to be > 1.5 GeV/c. Then, clusters of the selected

tracks are formed, based on the z-coordinate of their point of closest approach with

respect to the beam line. For each of these clusters, a �t of the PV candidate is

performed, discarding incompatible tracks. Finally, from the list of the candidates,

those with poor quality �ts (with χ2 probability < 1%) are excluded.

Secondary Vertex �nding

Finding a secondary vertex is a crucial issues especially for channels including

b-quark such as light Higgs in decay of bb̄. A good discriminator is the distance of

the vertex to the beam line but in general a �lter is applied to the output of Vertex

Finder to select only SV based on the following cuts: the distance in the transverse

plane LT between the PV and the SV should be between 100µ and 2 cm.

Beamspot

The beamspot represents the pro�le of the luminous region where the LHC beams

collide at CMS. The beamspot is determined in an average over many events, in

contrast to the event-by-event primary vertex which gives the precise position of a

single collision. A precise measurement of the position and slope of the beamspot
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is an important component of the event reconstruction. The beam position can

be used, especially in the High Level Trigger, as a precise estimate of the primary

interaction point prior to the reconstruction of the primary vertex and even as the

primary interaction point in low multiplicity data.

4.3.3 Muons

In the standard CMS reconstruction for pp collisions, tracks are �rst reconstructed

independently in the silicon tracker (tracker track) and in the muon spectrometer

(standalone-muon track). Based on these, two reconstruction approaches for muons

are used[28]:

1. Global Muon reconstruction (outside-in)

Starting from a standalone muon in the muon system, a matching tracker track

is found and a global-muon track is �tted combining hits from the tracker track

and standalone-muon track. At large transverse momenta (pT 200 GeV/c),

the global-muon �t can improve the momentum resolution compared to the

tracker-only �t.

2. Tracker Muon reconstruction (inside-out)

In this approach, all tracker tracks with pT > 0.5 GeV/c and p > 2.5

GeV/c are considered as possible muon candidates and are extrapolated

to the muon system, taking into account the expected energy loss and the

uncertainty due to multiple scattering. If at least one muon segment (i.e. a

short track stub made of DT or CSC hits) matches the extrapolated track,

the corresponding tracker track quali�es as a tracker-muon track. At low

momentum (roughly p < 5 GeV/c) this approach is more e�cient than the

global muon reconstruction, since it requires only a single muon segment in

the muon system, whereas global muon reconstruction is designed to have

high e�ciency for muons penetrating through more than one muon station.

The majority of muons from collisions (with su�cient momentum) are recon-

structed either as a Global Muon or a Tracker Muon, or very often as both.
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For a small fraction of the cases where both approaches fail, the track recon-

structed at the muon chamber is called `stand-alone muon'.

Figure 4.1 shows some identi�cation variables for muons with pT > 20 GeV/c.

Figure 4.1: Identi�cation variables for Tight Muons with pt > 20 GeV/c: (upper
left) transverse impact parameter; (upper right) signi�cance of the transverse impact
parameter; (lower left) normalized χ2 of the �t of the track in the silicon tracker;
(lower right) relative combined isolation (tracker+calorimeters), with a cone size
∆R = 0.3, for events with one good primary vertex. The error bars indicate the
statistical uncertainties [28]

4.3.4 Electrons

Two di�erent and complementary algorithms are used to reconstruct electrons which

can cover the reconstruction of both high pT and low pT electrons[29].

1. `Tracker driven' which is based on tracker seeding and is useful for low energy
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electrons specially those inside jets

2. `ECAL driven' which starts by reconstruction of ECAL `supercluster' and is

optimized for isolated electrons mostly from decay of W and Z bosons with

pT > 5 GeV

`Supercluster' is a group of one or more associated clusters of energy deposits in

the ECAL constructed using an algorithm which takes account their characteristic

narrow width in the η coordinate and their characteristic spread in φ due to the

bending in the magnetic �eld of electrons radiating in the tracker material. As

a �rst �ltering step, superclusters are matched to track seeds (pairs or triplets of

hits) in the inner tracker layers, and electron tracks are built from these track seeds.

Trajectories are reconstructed using a dedicated modeling of the electron energy loss

and �tted with a Gaussian Sum Filter (GSF). The �ltering performed at the seeding

step is complemented by a preselection. For candidates found only by the `tracker

driven' seeding algorithm, the preselection is based on a multivariate analysis. For

candidates found by the `ECAL driven' seeding algorithm, the preselection is based

on the matching between the GSF track and the supercluster in η and φ. The few

`ECAL driven' electron candidates (∼ 1% for isolated electrons) not accepted by

these matching cuts but passing the multivariate preselection are also kept.

Figure 4.2 presents the kinematical pT and η distributions of the reconstructed

electron candidates. The data corresponds to an integrated luminosity of 3 nb−1 .

The Monte Carlo distribution is normalized to the total number of electron candi-

dates in the data. No other selection than the reconstruction preselection is applied

to electron candidates.

4.3.5 Jets

Four types of jets are reconstructed at CMS, which di�erently combine individual

contributions from subdetectors to form the inputs to the jet clustering algorithm:

Calorimeter Jets, Jet-Plus- Track (JPT Jets), Track Jets and Particle-Flow (PFlow

or PF) Jets[30]. Since PFlow jets are the mostly used jets in CMS, we only concen-

trate on the this type:

The Particle Flow algorithm combines the information from all CMS sub-
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Figure 4.2: Kinematical distributions of electron candidates in minimum bias events
(dots) compared with Monte Carlo (histograms) for all reconstructed candidates
and for reconstructed candidates from the ECAL driven seeding algorithm: (a)
transverse momentum distribution and (b) pseudorapidity [29].

detectors to identify and reconstruct all particles in the event, namely muons,

electrons, photons, charged hadrons and neutral hadrons. The detailed description

of the algorithm and its commissioning can be found in [31]. Charged hadrons,

in particular, are reconstructed from tracks in the central tracker. Photons and

neutral hadrons are reconstructed from energy clusters in the electromagnetic and

hadron calorimeters. Clusters separated from the extrapolated position of tracks in

the calorimeters constitute a clear signature of these neutral particles. A neutral

particle overlapping with charged particles in the calorimeters can be detected as a

calorimeter energy excess with respect to the sum of the associated track momenta.

PFlow jets are then reconstructed from the resulting list of particles. The jet

momentum and spatial resolutions are expected to be improved with respect to

calorimeter jets as the use of the tracking detectors and of the excellent granularity

of the ECAL allows to resolve and precisely measure charged hadrons and photons

inside jets, which constitute ∼ 90 % of the jet energy.

Jet energy measured in the detector is typically di�erent from the corresponding

particle jet energy [32]. The latter is obtained in the simulation by clustering,

with the same jet algorithm, the stable particles produced during the hadronization

process that follows the hard interaction. The main cause for this energy mismatch

is the non-uniform and non-linear response of the CMS calorimeters. Furthermore,
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electronics noise and additional pp interactions in the same bunch crossing (event

pile-up) can lead to extra unwanted energy. The purpose of the jet energy correction

is to relate, on average, the energy measured in the detector to the energy of the

corresponding particle jet.

CMS has developed a factorized multi-step procedure for the jet energy calibra-

tion (JEC). The following three subsequent (sub-)corrections are devised to correct

calorimeter, PFlow and JPT jets to the corresponding particle jet level; o�set, rel-

ative and absolute corrections.

• The o�set correction aims to correct the jet energy for the excess unwanted

energy due to electronics noise and pile-up.

• The relative correction removes variations in jet response versus jet η relative

to a central control region chosen as a reference because of the uniformity of

the detector.

• The absolute correction removes variations in jet response versus jet pt.

The default sequence for the jet energy corrections is expressed mathematically

as:

Ecorrected = (Euncorrected − Eo�set).CRel(η, p
′′
T ).CAbs(p

′
T ) (4.1)

where p
′′
T is the transverse momentum of the jet corrected for o�set and

p
′
T = p

′′
T .CRel(η, p

′′
T ) is the transverse momentum of the jet corrected for o�set

and pseudorapidity dependence.

Figure 4.3 shows the absolute jet energy correction factors CAbs derived from

simulation for calorimeter, JPT, and PFlow jets as a function of corrected jet trans-

verse momentum.

4.3.6 MET

In general, EmissT or MET is the negative of the vector sum of the transverse mo-

menta of all �nal-state particles reconstructed in the detector. CMS has developed

three distinct algorithms to reconstruct EmissT [33].
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1. PFMET

is based on the complete particle-�ow technique, is calculated from the recon-

structed PF particles. PFET is the associated scalar sum of the transverse

energies of the PF particles.

2. CaloMET

is based on calorimeter energies and the calorimeter tower geometry, is cal-

culated using the energies contained in and directions of calorimeter towers

to de�ne massless pseudo-particles. The sum excludes energy deposits which

are below noise thresholds. Since a muon deposits only a few GeV on average

in the calorimeter, independent of its momentum, the muon pT is included

in the Calo ET while simultaneously excluding the small calorimetric energy

deposit associated to the muon track. CaloET is the associated scalar sum of

the transverse energies of the calorimeter towers and muons.

3. TCMET

is based on CaloMET but also includes the pT of tracks which have been

reconstructed in the inner tracker, while removing the expected calorimetric

energy deposit of each track. All tracks that are not identi�ed as electrons or
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muons use the predicted energy deposition for charged pions. The calorimetric

energy deposit is estimated from simulations of single pions, in bins of pT and

η, and an extrapolation of the track in the CMS magnetic �eld is used to de-

termine its expected position. No correction is applied for very high-pT tracks

(pT > 100 GeV), whose energy is already well measured by the calorimeters.

Low-pT tracks (pT < 2 GeV), are fully compensated for, assuming no response

from the calorimeter.

The particle-based SumEt is seen in Figure 4.4 to be close to the true generated

SumEt in comparison to the calo-based one. Three reasons govern this observation.

• First, charged hadrons (measured by the tracker) and photons (measured by

the ECAL) are reconstructed at the correct energy scale and represent about

80% of the event energy.

• Second, the particle-�ow algorithm is able to reconstruct very low-energy par-

ticles, down to a pT of 100 MeV/c for charged hadrons, and to an energy of

200 MeV for photons.

• Third, the hadronic-cluster calibration brings the neutral hadron energy, which

accounts for the remaining 20% of the event energy, to the proper scale as well.
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Figure 4.4: (a) Distribution of the calorimeter-based (hollow) and particle-based
(solid) SumEt in the data (dots) and in the simulation (histogram). (b) Di�er-
ence between the calorimeter-based (hollow histogram) or the particle-based (solid
histogram) SumEt and the generated SumEt, in the simulation. [33]



Chapter 5

τ -lepton Reconstruction and

Identi�cation

5.1 Tau Reconstruction Algorithms

Di�erent algorithms are used to reconstruct tau at CMS. They are either based on

calorimeters and tracker information or objects reconstructed with Particle Flow

algorithm. Taus which are based on PFlow can further be categorized with respect

to their exploitation of �nding tau decay mode in their reconstruction. Figure 5.1

shows a complete picture of di�erent tau reconstructing algorithm. In the following

all methods are described. More details for each algorithm can be found in [34]

5.1.1 TCTAU

The Track Corrected Tau (TCTau) algorithm is to identify tau leptons decaying

hadronically considering jets reconstructed using tracks and energy deposits in the

electromagnetic and hadronic calorimeters.

All reconstructed tracks with the cone size of ∆R = 0.1 and minimum pT of 0.5

GeV/c are sorted and the track with highest pT track (at least pT > 5.0 GeV/c) is

selected as a `leading' track. All other tracks within the signal cone of size ∆R = 0.07

around the leading track direction are taken as tau lepton decay products. Tracks

outside the signal cone, but within an isolation annulus of outer radius ∆R = 0.5

are counted for the track isolation requirement.

One of the main di�erences in the topology of the QCD jet and tau is the nar-

rowness of tau jets. The track isolation criteria is satis�ed if no tracks of transverse

momenta pT > 1.0 GeV/c are found within the isolation annulus and the ECAL iso-

lation requirement based on a maximum value of 1.5 GeV for summing the energy

deposits in the ECAL.
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Figure 5.1: Di�erent tau reconstruction algorithms at CMS
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The energy and momentum of the tau jet is computed by the TCTau algorithm,

which as an input uses jets which energy and direction have been corrected using

tracker information [35].

5.1.2 PFTAU

Fixed and Shrinking Cone

In the particle��ow approach, the tau four-momentum is reconstructed as a sum

of the four�momenta of all particles with pT above 0.5 GeV/c in a signal cone of

radius ∆R = 0.15 around the direction of the highest pT (`leading') particle in the

jet. The leading particle should be within a cone of radius ∆R = 0.1 (matching

cone) around jet direction and is required to have pT above 5 GeV/c. The tau

isolation requirement is based on particle counting in an isolation annulus of outer

radius ∆R = 0.5 around the leading particle. The isolation annulus is de�ned by a

narrow signal cone surrounded by a wider isolation cone (the same as TCTau) and

is required to contain no charged hadrons with pT ≥ 1 GeV/c and no photons with

pT ≥ 1.5 GeV/c. There are two di�erent types of particle �ow tau identi�cation

algorithms which their isolation cone are the same ∆R = 0.5, while they di�er in

signal cone as follows:

• the �xed signal cone algorithm uses a cone of size ∆R = 0.15 for photons

and ∆R = 0.07 for charged hadrons.

• the shrinking signal cone algorithm uses a cone of �xed size ∆R = 0.15 for

photons and a shrinking cone, ∆R = 5.0/ET for charged hadrons, where ET

is transverse energy of the particle��ow tau jet.

A further increase of the signal-cone size was shown to have no visible e�ect

on the isolation e�ciency, while noticeably increasing the background contam-

ination [36].

More detailed information on the cut based particle��ow isolation for tau iden-

ti�cation algorithm can be found in [36, 37].
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Tau Neural Classi�er

The Tau Neural Classi�er (TaNC) algorithm was designed to improve the perfor-

mance of the isolation�based tau identi�cations algorithms by considering the dif-

ferent hadronic decay modes of the tau individually.

Since the majority of the tau decay modes(a full picture is given in Table 5.1) are

via decaying an intermediate resonance, the problem of hadronic tau identi�cation

re-framed from global search for collimated hadrons satisfying the tau mass con-

straint into an ensemble of searches for single production of the di�erent hadronic

tau decay resonances.

Decay Mode Resonance Mass (MeV/c2) Branching ratio(%)

τ− → h−ντ 11.6 %
τ− → h−π0ντ ρ 770 26.0 %
τ− → h−π0π0ντ a1 1200 10.8 %
τ− → h−h+h−ντ a1 1200 9.8 %
τ− → h−h+h−π0ντ 4.8 %

Total 63.0%

Other hadronic modes 1.7%

Table 5.1: Resonances and branching ratios of the dominant hadronic decays of
the τ -lepton [38]. The decay products listed correspond to a negatively charged
τ -lepton; the table is identical under charge conjugation.

TaNC algorithm implements this approach using two complimentary techniques:

a method to reconstruct the decay mode and an ensemble of neural network classi-

�ers to suppress quark and gluon jets which can mimic the same �nal state topology.

The major task in reconstructing the decay mode of the tau is determining the

number of π0 mesons which decays almost instantaneously to a pair of photons.(BR

of π0 → γγ ≥ 99%). The photon pairs that are in the shrinking signal cone and

ful�lls the condition of π0 mass(less than 0.2 GeV/c2) are combined as π0 candidate.

There is also a possibility for unpaired photons to be considered as π0 candidates,

provided that their transverse momenta exceed 10% of all tracks plus tagged π0

candidates within the signal cone.

After the decay mode of the tau candidate has been reconstructed, the TaNC

algorithm feeds the tau candidate to a neural network in order to compute the

classi�cation decision. By adjusting the thresholds of cuts on the neural network



5.1. Tau Reconstruction Algorithms 63

output three "working points": `loose',`medium' and `tight' were de�ned.

Hadron Plus Strips

The Hadron Plus Strips(HPS) algorithm [39] starts from a particle��ow jet and

searches for tau lepton decay products produced by any of the hadronic decay modes

enumerated in Table 5.1.

As neutral pions are produced very often in hadronic tau decays, one focus of the

HPS tau identi�cation algorithm is an optimized π0 reconstruction. The possible

broadening of calorimeter signatures by photon conversions is accounted for in the

HPS algorithm by reconstructing photons in `strips', objects which are built out of

electromagnetic particles.

The strip reconstruction starts by centering one strip on the most energetic

electromagnetic particle reconstructed by the particle��ow algorithm. The algo-

rithm then searches for other electromagnetic particles within the window of size

∆η = 0.05, ∆φ = 0.20 until no further particles are found which can be associated

to the strip. After that search for a new strip continues. Strips are �nally com-

bined with the charged hadrons to reconstruct individual hadronic tau lepton decay

modes.

The decay modes which are considered by the HPS tau identi�cation algorithm

are:

• Single hadron: This signature reconstructs τ− → h−ντ decays and τ− →

h−π0ντ decays in which the neutral pions have too little energy to be recon-

structed as strips.

• One hadron + one strip: This signature aims to reconstruct the decay

mode τ− → h−π0ντ in events in which the impact position of the photons

from π0 decays are close together on the calorimeter surface.

• One hadron + two strips: This signature aims to reconstruct the decay

mode τ− → h−π0ντ in events in which the impact positions of photons from

π0 decays are well separated on the calorimeter surface.

• Three hadrons: This signature aims to reconstruct the decay mode τ− →
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h−h+h−ντ and the three charged hadrons are required to have charge sum

|q| = 1.

All charged hadrons and strips are required to be contained within a narrow

cone of size ∆R = 2.8/pτT ,

The four�vectors of hadrons and strips are reconstructed according to the respec-

tive tau decay mode hypothesis and are required to be compatible with the masses

of intermediate meson resonances listed in Table 5.1. (for example in case of hadron

+ two strips, a massless four�vector is reconstructed for each strip and the invariant

mass of the two strips is required to be within 50 MeV/c2 and 200 MeV/c2. The

invariant mass of hadron plus strips is required to be in the range 0.4−1.2 GeV/c2.)

Finally, reconstructed candidates are required to satisfy isolation criteria which

are based on counting the number of charged hadrons and photons not associated

to the tau decay signature within an isolation cone of size ∆R = 0.5. Three sets of

tau candidate selection criteria (`working�points')are de�ned:

1. Loose isolation: requires no charged hadrons with pT > 1.0 GeV/c and no

photons with ET > 1.5 GeV within the isolation cone

2. Medium isolation: requires no charged hadrons with pT > 0.8 GeV/c and

no photons with ET > 0.8 GeV within the isolation cone

3. Tight isolation: requires no charged hadrons with pT > 0.5 GeV/c and no

photons of ET > 0.5 GeV within the isolation cone.

Recently another WP, `VLoose' has been added to the HPS algorithm which has

higher fake rate and e�ciency. It requires no charged hadrons with pT > 1.5 GeV/c

and no photons with ET > 2 GeV within the isolation cone.(∆R cone of 0.3)

A correlation between generated and reconstructed tau decay modes was studied

using a sample of simulated Z → τhadτhad MC events, where τhad denotes the

taus decaying hadronically. The results are presented in Fig. 5.2. Each column

reproduces one generated decay mode normalized to unity. The y-axis represents

the fraction of generated taus of a given type reconstructed in a certain decay mode.
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Figure 5.2: The plot shows a fraction of generated taus of a given type reconstructed
in a certain decay mode for the HPS `loose' working point and a sample of Z → τ+τ−

simulated MC events [40].

The correlation between generated and reconstructed decay modes exceeds 80%

even for decays including neutral pions and reaches 90% for three charged pion decay

mode.

Figure 5.3 shows a �rst measurement of tau fake rate with early data and com-

pares the probability of jet to be misidenti�ed as tau in each of the algorithms. The

e�ciency of tau reconstruction is also shown using MC simulation. As it is shown,

the two advanced algorithms which exploit the decay mode �nding(although have

a bit lower e�ciency) performs better in term of QCD jet rejection and due to the

large cross section of QCD jet or V+jet in all analysis, these two methods have been

considered in most of the CMS analysis.

5.2 E�ciency of tau reconstruction and identi�cation

To �nd the tau reconstruction and identi�cation e�ciency from data [40], a sample

of Z → ττ → µτhad which is triggered by single muon has been selected. Then we

pro�t from `tag and probe' method as following:

A well identi�ed and isolated muon with pT > 15 GeV/c has been considered
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Figure 5.3: Left: Measured probabilities of quark/gluon jets to pass the tau can-
didate selection criteria of the TCTau (black stars), shrinking cone (red squares),
HPS (brown downward facing triangles) and TaNC (blue upward facing triangles)
tau identi�cation algorithms as function of jet pT and η Right: E�ciencies of the
algorithms to identify genuine tau lepton hadronic decays as function of transverse
momentum and pseudo�rapidity of the visible tau decay products on generator level,
estimated using a sample of simulated Z → τ+τ− events [34].
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as `tag' and is required to have opposite charge to tau�jet candidate of P τhadT >

20 GeV/c, which would be the `probe'. While no cut on tau identi�cation is applied,

several cuts are required to suppress the contribution of background like QCD , W

and Z → µµ.

The sample of tau�jet candidates passing the `leading' track PT and loose isola-

tion requirements in the selected Z/γ∗ → τ+τ− → µτhad candidate events is divided

into two subsamples: the sample of tau�jet candidates which pass the TaNC/HPS

discriminators and those which fail. In each subsample, the number of Z/γ∗ → τ+τ−

signal and Z → µ+µ−, W + jets, tt̄ and QCD background events is determined by

a �t of the µ+ τhad visible invariant mass distribution.

The e�ciency of each TaNC/HPS discriminator is obtained by the normalization

factor obtained by the �t for the Z/γ∗ → τ+τ− signal contribution to the `pass' and

`fail' subsamples:

ε =
NZ→ττ
pass

NZ→ττ
pass +NZ→ττ

fail

.

The template shapes used in the �t for signal and background processes are

taken from the Monte Carlo simulation.
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Figure 5.4: The visible invariant mass of the µτjet system for preselected events
which passed (left) and failed (right) the HPS `loose' tau identi�cation requirements
compared to predictions of the MC simulation [40]

Figure 5.4 shows visible invariant mass of the µτjet system for preselected events

which passed (left) and failed (right) the `loose' tau identi�cation requirements.
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Since in the `failed' sample there is no tau reconstructed, to make the plots consistent

the visible mass is always computed using the jet four�vector for taus and not the

tau four�vector as reconstructed by identi�cation algorithms. The MC predictions

for signal and background events are also shown. The MC describes data well in

the `pass' region which has a well de�ned shape dominated by Z events and a small

background contribution. The sample of `failed' events is dominated by background

contributions. The MC predictions describe data reasonably well.

Algorithm Fit data Expected MC DATA/MC
TaNC �loose� 0.76± 0.20 0.72 1.06± 0.30
TaNC �medium� 0.63± 0.17 0.66 0.96± 0.27
TaNC �tight� 0.55± 0.15 0.55 1.00± 0.28
HPS �loose� 0.70± 0.15 0.70 1.00± 0.24
HPS �medium� 0.53± 0.13 0.53 1.01± 0.26
HPS �tight� 0.33± 0.08 0.36 0.93± 0.25

Table 5.2: E�ciency for hadronic tau decays to pass TaNC and HPS tau identi�ca-
tion criteria measured by �tting the Z → τ+τ− signal contribution in the samples of
the `passed' and `failed' preselected events. The errors of the �t represent statistical
uncertainties. The last column represents the data to MC correction factors and
their full uncertainties including statistical and systematic components.

Results of the �ts are summarized in Table 5.2. The values measured in data,

`Fit data' are compared with the expected values, `Expected MC', which is found

by performing the �tting on simulated events.

E�ciency of tau reconstruction and identi�cation depends on the pT and η.

Table 5.3 shows the expected e�ciency values for hadronic taus from Z → ττ

process for two di�erent selections,(one with pT of hadronic tau to be greater than

15 GeV/c and the other to be greater than 20 GeV/c).

Algorithm TaNC HPS
�loose� �medium� �tight� �loose� �medium� �tight�

E�ciency (pτhad

T > 15 GeV) 53.6% 43.1% 30.4% 45.9% 33.8% 22.9%
E�ciency (pτhad

T > 20 GeV) 57.8% 47.9% 35.6% 49.9% 36.5% 24.6%

Table 5.3: The expected e�ciency for hadronic tau decays to pass TaNC and HPS
tau identi�cation criteria estimated using Z → ττ events simulated using MC for
two di�erent cuts on the visible pT of the taus.
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5.3 Tau scale energy and the uncertainty

Since hadronic taus consist of charged hadrons and photons reconstructed with a

high precision using the PF techniques the reconstructed tau energy is expected to be

close to the true energy of the visible tau decay products. According to simulation,

the ratio of the reconstructed to the true visible tau energy for the HPS algorithm

is constant and within 2% from unity, while for TaNC it decreases by about 2%

towards pτT = 60 GeV/c.

The η dependence is more pronounced. For both algorithms the reconstructed

tau energy degrades with respect to the true one by moving from the central, barrel,

to endcap region by about 5%.
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Figure 5.5: The reconstructed invariant mass of taus decaying into one charged and
one neutral pion (left) and into three charged pions (right) compared to predictions
of the simulation. The black lines represent results of the �t and the dashed lines
represent the predictions with tau energy scale, TauES, varied up and down by 3%.

It is expected that the pT and η-dependent behavior of the tau response is well

reproduced by the MC simulation, and that the ratio of the tau response in data

to the response in MC is very close to unity. The quality of the tau energy scale

simulation can be examined by analyzing the Z → τ+τ− → µτhad data sample,

assuming that the ττ mass spectrum is not altered signi�cantly by non-SM sources

of ττ events. The visible invariant mass of the µτhad system is very sensitive to

the energy scale of the τ , since the muon four�momenta are measured with a high
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precision. By varying the tau energy scale simultaneously in the signal and back-

ground MC samples a set of templates was produced. The resulting templates were

�t to the data and the best agreement was achieved by scaling the tau energy in

simulation by a factor 0.97± 0.03, where the uncertainty of the tau energy scale is

averaged over the pseudorapidity range of the data sample.

A complementary procedure, which does not assume knowledge of the ττ invari-

ant mass spectrum, was based on the invariant mass of reconstructed tau decays

and is shown in Fig. 5.5. The method uses taus as standalone objects but still relies

on good understanding of underlying background events which contribute to the

signal sample. The �t was performed separately for ππ0 and πππ decay channels,

since the major source of the uncertainty is expected to come from reconstruction

of the electromagnetic energy. The simulation describes both decay channels well.

The data to MC ratio was measured to be 0.97± 0.03 for the ππ0 decay mode and

1.01±0.02 for the πππ decay mode. The e�ect of the energy scale uncertainty on the

shape of the tau invariant mass is also illustrated in Fig. 5.5. Varying the energy

scale in simulation by the uncertainty delivered from the µτhad invariant mass �t,

3%, leads to a signi�cant deviation in the predicted mass shapes of taus.

5.4 Tau Fake Rate

5.4.1 Fake Rate of Jets

Since the signature of jets are very similar to taus , they can easily fake taus. In this

section the probabilities with which generic, quark and gluon jets pass the selection

criteria of di�erent tau identi�cation algorithms is described. The main sources of

these jets are jets produced in QCD processes and jets produced in association with

Z and W bosons. For each sample an special selection has been used as follow:

QCD dijet

Selecting dijet events requires at least one jet of transverse momentum pjetT >

15 GeV and a jet of pjetT > 20 GeV within |η| < 2.3. The jet that we want to �nd

fake rate should not match to the trigger object.
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QCD enriched Muon

To select those QCD events which are enriched by muon(in these events muons

mainly are coming from heavy quarks like b�quark), a muon is required to be iden-

ti�ed with pjetT > 15 GeV, but not isolated and to discriminate these events from

W , we require that transverse mass of muon and MET to be less than 40 GeV.

Furthermore one jet of transverse momentum P jetT > 20 GeV within |η| < 2.3 is also

required.

W + jet

To select an event sample dominated by W → µν events, one muon of transverse

momentum P jetT > 15 GeV and |η| < 2.1 and relative isolation relIso < 0.1 is

required in addition to one jet of transverse momentum P jetT > 20 GeV within

|η| < 2.3.

Z + jet

And �nally for jet associated Z, events were selected with a good Z bosons(which

is explained at [41] with decays to µµ and an associated jet is required to pass the

20 GeV cuts on its pT and 2.3 on η.

For each of these samples additional cuts were also applied to suppress the

background contribution from events with jets of other types.

Fake�rates values are determined separately for each working points of TaNC

and HPS algorithm by counting the fraction of quark and gluon jets passing the

identi�cation criteria of one particular algorithm in a given pjetT or ηjet bin [34]:

Pfr (bin) :=
Njets (bin)passed tau identi�cation

Njets (bin)
, (5.1)

where Njets denotes the number of jets with pjetT > 20 GeV/c and |ηjet| < 2.3

reconstructed in that bin.

Figure 5.6 shows the fake�rate as a function of the jet pT for the `loose' working

points of the TaNC and HPS algorithms, where the measured values are compared

with the MC predictions for the di�erent type of jets.

The values of the fake�rates expected from simulation and the measured data to



72 Chapter 5. τ-lepton Reconstruction and Identi�cation

0 20 40 60 80 100 120 140 160180 200

 fa
ke

 r
at

e 
fr

om
 je

ts
τ

-310

-210

 Dataνµ→W

 Simulationνµ→W

QCDj Data

QCDj Simulation

 DataµQCD

 SimulationµQCD

TaNC loose 

-1=7 TeV, 36 pbsCMS Preliminary 2010, 

 (GeV/c)
T

jet p
0 50 100 150 200

S
im

ul
at

io
n

D
at

a-
S

im
.

-0.2

0

0.2
0 20 40 60 80 100 120 140 160180 200

 fa
ke

 r
at

e 
fr

om
 je

ts
τ

-310

-210

 Dataνµ→W

 Simulationνµ→W

QCDj Data

QCDj Simulation

 DataµQCD

 SimulationµQCD

HPS loose 

-1=7 TeV, 36 pbsCMS Preliminary 2010, 

 (GeV/c)
T

jet p
0 50 100 150 200

S
im

ul
at

io
n

D
at

a-
S

im
.

-0.2

0

0.2

Figure 5.6: Probabilities of quark and gluon jets to pass �loose� working points of
the TaNC (left) and HPS (right) algorithms as a function of jet pT for QCD, QCD
µ-enriched and W type events. Fake-rate measured in data are represented by solid
symbols and compared to MC prediction represented by open symbols.

MC ratios integrated over the pT and η phase space used in the Z → ττ analysis,

pjetT > 20 GeV and |η| < 2.3, are summarized in Table 5.4 for the three working

points of both reconstruction algorithms.

Algorithm QCDj QCDµ W + jets
MC DATA/MC MC DATA/MC MC DATA/MC

TaNC �loose� 2.1% 1.05± 0.04 1.9% 1.12± 0.01 3.0% 1.02± 0.05
TaNC �medium� 1.3% 1.05± 0.05 0.9% 1.08± 0.02 1.6% 0.98± 0.07
TaNC �tight� 0.5% 0.98± 0.07 0.4% 1.06± 0.02 0.8% 0.95± 0.09
HPS �loose� 1.0% 1.00± 0.04 1.0% 1.07± 0.01 1.5% 0.99± 0.04
HPS �medium� 0.4% 1.02± 0.06 0.4% 1.05± 0.02 0.6% 1.04± 0.06
HPS �tight� 0.2% 0.94± 0.09 0.2% 1.06± 0.02 0.3% 1.08± 0.09

Table 5.4: The MC expected fake�rate values and the measured data to MC ratios
integrated over the pT and η phase space typical for the Z → ττ analysis.

Since More data is needed to measure the fake rate in Z+Jets events, the same

approach has been done with 200 pb−1 and the fake rates has been measured and

shown in Figure 5.7;

The fake�rate as a function of e�ciency for all working points for both (HPS
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Figure 5.7: Probabilities of quark and gluon jets to pass �loose� working points of
the HPS algorithms as a function of jet pT for (left) and as a function of jet η(right)
for W type and Z type events. Fake-rate measured in data are represented by solid
symbols and compared to MC prediction represented by open symbols.

and TaNC) algorithms is shown in Fig. 5.8, which summarizes the MC estimated

e�ciency and the measured fake�rate values presented in Tables 5.6 and 5.3. Since

the QCD and QCD µ-enriched fake�rates values were observed to be similar only one

set of QCD points is shown. Open symbols represent results obtained by running a

�xed cone algorithm based on the PF taus on simulated events only. The algorithm

is e�ectively the same which was used in the CMS physics technical design report

(PTDR) [13] and is shown for comparison.

5.4.2 Fake Rate of Electron

Isolated electrons passing the identi�cation and isolation criteria of the tau algo-

rithms can also be misidenti�ed as hadronic taus and represent an important source

of background to many analyses with taus in the �nal state. Both electron and

charged pion(which is the main constitute of hadronic tau) deposit their energy

in calorimeter and while the latter deposit most of its energies in HCAL, the for-

mer does in ECAL. However it is very probable that electron is misidenti�ed as
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Figure 5.8: The measured fake�rate as a function of MC estimated e�ciency for
all working points for QCD µ-enriched and W data samples. The PTDR points
represent results of the �xed cone algorithm based on the PF taus.

a pion. A multivariate discriminator is used to reduce this background improving

the pion/electron separation. The same discriminator, implemented as a Boosted

Decision Tree is used in the PF algorithm and its output is denoted by ξ.

Two working points are de�ned which the looser is optimized for a low fake�

rate, O(2%), at the price of about 4% losses of real hadronic taus and the tighter

corresponds to a larger fake-rates (O(20%)) but higher e�ciency exceeding 99.5%

To estimate the e→ τhad fake-rate a sample of isolated electrons coming from the

decay of the Z → ee resonance was selected and tag and probe method is performed.

Tag would be a well identi�ed and isolated electron while the probe is the electron

which passes all tau-identi�cation and isolation discriminators without any cut to

veto electron.

The ratio between the number of probes passing the anti-electron discriminator

to the overall number of selected probes is an estimator of the e→ τhad fake�rate.

Table 5.5 shows the ratio between fake-rates as measured in the data and those

obtained using MC for two |η| bins. The results from a closure test on MC is also

shown in the table.
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bin discriminator by ξ < −0.1 discriminator by ξ < 0.6

|η| MC(exp),% MC(t&p),% DATA/MC MC(exp),% MC(t&p),% DATA/MC

< 1.5 2.22± 0.03 2.21± 0.05 1.13± 0.17 13.19± 0.06 13.10± 0.08 1.14± 0.04

> 1.5 3.90± 0.06 3.96± 0.09 0.82± 0.18 26.90± 0.13 26.80± 0.16 0.90± 0.04

Table 5.5: The expected MC values of the fake�rates of electron and measured ratio
of the data to MC response.





Chapter 6

W → τν cross�section

measurement

6.1 Motivation of the Analysis

The study of W → τ±ν production in the τ±hadν �nal state is an important con-

tribution to tau�physics studies at the LHC. Besides testing the Standard Model,

the analysis of W → τ±ν production is important, as it is an important back-

ground process to several searches for new physics [13, 14]. In particular it is the

main irreducible background to the search for charged Higgs bosons in the τ±ν �nal

state.

In the following we describe the measurement of the W± → τ±ν cross�

section[42]. The tau lepton is identi�ed by its hadronic decay mode. The W → τ±ν

channel bene�ts from the large production cross-section, exceeding the production

rate of Z → τ+τ− events(another dominant source of tau leptons in SM [43]) by

nearly an order of magnitude. However, the experimental signature of a single tau-

jet plus undetected neutrinos is more challenging, requiring a good understanding

of hadronic tau identi�cation and missing transverse energy.

6.2 Data and Monte Carlo samples

The measurement of the W → τhadν cross�section is based on analyzing the b�tau

secondary datasets for 7 TeV proton�proton collisions recorded by CMS in 2010. The

data has been re�reconstructed with CMSSW (a CMS Software) and corresponds

to an integrated luminosity of 32.4 pb−1.

Monte Carlo simulated events are used to estimate acceptance and e�ciency for

theW → τν signal and expected contributions ofW → eν,W → µν and Z → τ+τ−
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Trigger path L [pb−1]

HLT_SingleIsoTau20_Trk15_MET20 14.6
HLT_SingleIsoTau20_Trk15_MET25 17.8

Table 6.1: Triggers used for W → τν cross�section measurement.

background processes. The QCD background contribution is determined directly

from Data. All samples have been generated by PYTHIA [22] and POWHEG [24].

The generated events are passed through the full GEANT [25] based simulation of

the CMS apparatus and are reconstructed using CMSSW.

The simulated event samples are normalized to next�to�next�to�leading order

(NNLO) cross�sections [44, 45] and are reweighted to match the the number of

pile�up interactions in 2010 data.

6.3 Trigger

W → τν candidate events are triggered using a `cross�channel' trigger requiring the

presence of a single tau�jet plus missing transverse energy (EmissT ). Two versions of

this `cross�channel' trigger were used in most of the 2010 data�taking period. As

the instantaneous luminosity delivered by the LHC increased at the end of 2010,

the EmissT threshold of the trigger was raised from 20 to 25 GeV, to keep the trigger

rate within bandwidth restrictions. 17.8 pb−1 (14.6 pb−1) of data was collected by

the higher (lower) EmissT threshold version of the τhad + EmissT trigger, cf. Tab. 6.1.

Requirement at L1 and HLT are as follow:

L1

Both versions of the trigger are seeded by a Level 1 (L1) tau object reconstructed

solely based on calorimeter information and the ET of L1 tau is required to exceed

20 GeV. In order to increase the trigger e�ciency, jets not passing the tau object

selection at L1, but passing a higher ET threshold (30 GeV), are also considered as

seeds. Events passing the L1 seed conditions are then processed by the High Level

Trigger (HLT).
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HLT

At the HLT, event is required to pass di�erent criteria at di�erent level:

• L2 τ : Reconstructed tau�jet candidates are required to have ET > 20 GeV and

|η| < 3.0 and satisfy ECAL isolation:(
∑
ET < 5GeV, computed by summing

energy deposits in the ECAL within an annulus of outer (inner) radius ∆R =

0.50 (0.15) around the tau direction).

• L2 Emiss
T : CaloEmissT is required to exceed 20(25) for two di�erent range of

runs.

• L2.5 Leading Track: Track of PT > 15GeV matching the direction of the

tau�jet candidate within ∆R = 0.20 is required.

• L3 Tracker Isolation: No tracks of PT > 1 GeV within an annulus of outer

(inner) radius ∆R = 0.50 (0.15) around the direction of the tau.

6.3.1 Trigger e�ciency

The precision with which the e�ciency of the τhad+EmissT trigger is modeled by the

Monte Carlo simulation is veri�ed by comparison to data by decoupling the trigger

to two parts. The e�ciency of τhad and E
miss
T conditions are checked independently,

using di�erent event samples. The e�ciency for hadronic tau decays to pass the τhad

requirements is checked using a sample of Z → τ+τ− → µτhad events triggered by

single muon triggers(according to the event yields measured in [43]). The e�ciency

to pass the EmissT conditions is measured in samples of W → eν events triggered by

single electron triggers and in QCD events triggered by jet triggers.

Using Monte Carlo simulated events it has been veri�ed that the e�ciency for

W → τν events to pass the τhad + EmissT trigger factorizes into independent terms

for the τhad and E
miss
T legs.

For the τhad and EmissT trigger e�ciencies to factorize, it is necessary to

parametrize the e�ciency of the τhad (EmissT ) leg by the PT of the o�ine recon-

structed calorimeter jet corresponding to the tau�jet candidate (by the o�ine re-

constructed calo�EmissT ).
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The values of P τT and EmissT computed by the τhad +EmissT trigger at HLT level

are solely based on calorimeter information. These parameters are hence highly

correlated with o�ine reconstructed calo�P τT and calo�EmissT values, while being

quite di�erent from PF�P τT and PF�EmissT . The correlations between P τT and EmissT

computed by the τhad +EmissT trigger at HLT level and o�ine reconstructed values

are illustrated in Fig. 6.1.

As a consequence of these correlations, the trigger e�ciency turn�one curves

of P τT leg as well as of EmissT leg are signi�cantly `sharper' when parametrized by

o�ine reconstructed calorimeter observables compared to the parametrization by

corresponding observables reconstructed by the PF algorithm. This e�ect is illus-

trated in Fig. 6.2.

The trigger e�ciencies of τhad and E
miss
T legs measured in data are compared to

Monte Carlo expectations in Fig. 6.3. The e�ciency of the EmissT leg is very similar

in simulated W → τν, W → eν and QCD events and in good agreement with the

trigger e�ciencies measured in data. There is also agreement between data and MC

for the e�ciency of the τhad.

As there is no indication of a di�erence between Data and Monte Carlo simula-

tion in Z → τ+τ− → µτhad, W → eν and QCD events, we take the trigger e�ciency

for W → τν events from the Monte Carlo simulation.

We assign an uncertainty of 15% to the e�ciency of the τhad+EmissT trigger. Two

components are included in this uncertainty. The dominant component is due to

statistical uncertainties, in particular of the Z → τ+τ− → µτhad sample selected in

data. We propagate the statistical uncertainties of individual calo�jet PT bins into

an uncertainty on the W → τν trigger e�ciency by �tting the e�ciency measured

in data by a Gaussian error function. We use the resulting �t parameter values plus

uncertainties to compute upper and lower bounds for the the τhad trigger e�ciency

as function of calo�jet PT . The uncertainty on theW → τν trigger e�ciency is then

obtained by taking the di�erence between upper and lower bounds to the central

value of the �t, averaged over the calo�jet PT distribution expected for W → τν

signal events after all analysis cuts are applied. The value obtained amounts to 15%.

The same procedure is applied to estimate the uncertainty on trigger e�ciency of

the EmissT leg. The event statistics of the W → eν and QCD samples is su�cient
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Figure 6.1: Correlation between EτT (top) and EmissT (bottom) computed at HLT
level with o�ine reconstructed calorimeter (left) and PF quantities (right) in simu-
lated W → τhadν signal events.
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Figure 6.2: E�ciency of the τhad leg of the τhad + EmissT `cross�channel' trigger
as function of o�ine reconstructed PF�P τT (left) and e�ciency of the EmissT leg as
function of o�ine reconstructed PF�EmissT (right).

Figure 6.3: E�ciencies of τhad (left) and EmissT (right) legs of the τhad + EmissT

`cross�channel' trigger. The trigger e�ciency of the τhad (E
miss
T ) leg is parametrized

by the PT of the o�ine reconstructed calorimeter jet corresponding to the tau�jet
candidate (o�ine reconstructed calo�EmissT ).
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to yield small uncertainties, amounting to 2% (2%) in case of W → eν (QCD). The

two �ts are illustrated in Fig. 6.4. The second component of the uncertainty on the

τhad+EmissT trigger e�ciency is related to the choice of binning plus �tting function.

The corresponding uncertainties are estimated by repeating the �t using a di�erent

binning and replacing the Gaussian error function by the integral of the Crystal ball

function [46]. The e�ect of using a di�erent binning (�tting function) amounts to 2%

(2%). We add these di�erences in quadrature, as well as the statistical uncertainties

on the e�ciencies of the τhad and EmissT legs and obtain a relative uncertainty on

the τhad + EmissT trigger e�ciency of 15%.

Figure 6.4: E�ciency plots for data, �tted with the Gaussian error function for
Z → τ+τ− → µτhad(left) and Multijet (right). The colorful band corresponds to
the uncertainty on the trigger e�ciency.

6.4 Particle reconstruction and identi�cation

Hadronic tau decays are reconstructed by the HPS tau identi�cation algorithm de-

scribed in 5.1. All other particles that have been used in the analysis(Jets, MET,

muons and electrons) are described in 5.1. Isolated electrons and muons are used

in this analysis only for the purpose of vetoing W → eν, W → µν and Z → τ+τ−

background events. In order to preserve e�ciency for theW → τν signal, muons are

required to satisfy PµT > 15 GeV, |ηµ| < 2.4 and to pass `VBTF' muon identi�cation

criteria [41]. Electrons are required to satisfy P eT > 15 GeV, |ηe| < 2.4 and to pass

identi�cation criteria of the nominal 85% e�ciency working�point (WP) [47].



84 Chapter 6. W → τν cross�section measurement

6.5 Event selection

W → τhadν candidate events are selected by requiring:

• The event to pass the τ + EmissT trigger path described in section 6.3.

• An event vertex with ≥ 4 DoF, reconstructed within −24 < zvtx < +24 cm

and |ρ| < 2 cm, where ρ denotes the distance between reconstructed vertex

and beam�spot position in the transverse plane.

• A τhad candidate with P τT > 30 GeV and |ητ | < 2.3, reconstructed by the

HPS tau identi�cation algorithm, and passing the HPS `medium' isolation

discriminator(as discussed before). Additionally, the τhad candidate is required

to contain at least one charged hadron of PT > 15GeV and to pass the `loose'

discriminator against muons and `tight' discriminator against electrons [40].

• The missing transverse energy reconstructed in the event to satisfy PF�

EmissT > 30 GeV and Calo�EmissT > 25 GeV.

• The event not to contain any muon or electron of P `T > 15 GeV and |η`| < 2.4,

which passes the identi�cation criteria detailed in section 6.4 and passing a

`relative' isolation criterion: Iso < 0.10 · P `T which by Iso mean the sum of

energy deposit in tracker, ECAL and HCAL within a cone of size δR = 0.3

around the lepton direction.

• The ratio of PT of the τhad candidate to the sum of transverse momenta of

PF�jets with PT > 15 GeV and |η| < 3 reconstructed in the event (RHT )

exceed 0.65.

• The transverse mass, MT , of τhad candidate plus missing transverse energy:

MT =
√

(P τT + EmissT )2 −
(
(P τx + Emissx )2 + (P τy + Emissy )2

)
to satisfy MT > 40 GeV.

The aim of the cuts on RHT and MT is to reduce QCD background.
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6.6 Background estimation

Background contributions to the sample ofW → τhadν candidate events passing the

selection criteria described in section 6.5 are due to QCD multi�jet events and elec-

troweak (EWK) backgrounds: W → eν, W → µν and Z → τ+τ−. All background

contributions are estimated directly from data, via the `template method'. The es-

timate obtained for the dominant background, QCD, which is also the background

most di�cult to model by the Monte Carlo simulation, is cross�checked using a

complementary method, the `ABCD' method.

6.6.1 Template method

The idea of the template method is to determine the contribution of signal plus

background processes to the sample of W → τhadν candidate events selected in

data via a �t of distributions observed in data with a set of `template' histograms.

Each template histogram is normalized to unit area and represents the shape of

the distribution expected for one particular signal or background processes. The

contributions of signal plus background processes to the event sample selected in

data is then obtained by the normalization factors obtained by the best �t of all

template shapes to the distribution observed in data.

The choice of observable which gets used in the template �t is made based on the

level of discrimination between the signal and background processes provided by the

observable: Good separation between the template shapes causes the normalization

factors to be well constrained by the �t, yielding small uncertainties on the signal

and background contributions to the event sample selected in data.

We have chosen metTopology to be the template �t observable used in the

W → τhadν analysis. metTopology is de�ned as the ratio between the PT sum of PF�

candidates projected in themet direction to the PT sum of PF�candidates projected

opposite to the direction of met. For signal events we expect very little activity in

direction of met and thus small values of metTopology. QCD multi�jet background

events have typically higher values ofmetTopology, even after passing a PF�EmissT >

30 GeV cut, as QCD events are intrinsically balanced and the reconstructed EmissT

typically results from a mismeasurement of one (or more) of the jets in the event.
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The shape templates for the W → τhadν signal and EWK background processes

are taken from the Monte Carlo simulation. The template for the QCD background

is obtained from data, using a control region. The control region is chosen such

that the a high purity QCD sample is acquired, while the shape of the metTopology

distribution in the control region represents the distribution of QCD events passing

the selection criteria described in section 6.5.

With respect to the selection ofW → τhadν candidate events, the QCD enriched

control region is de�ned by inverting the isolation requirement of the τhad candi-

date. The vetos against additional electrons or muons in the event are tightened by

lowering the P `T threshold to 8 GeV. The purity of QCD events selected in the QCD

enriched control region is expected to be O(75%).

The signal and background yields obtained by �tting the the metTopology

shapes for W → τhadν, QCD and EWK backgrounds to the metTopology distri-

bution observed in data are given in Table 6.2.

Process Estimate

QCD 158.8
W → eν 45.2
W → µν 4.9
Z → ττ 53.2∑
backgrounds 261.3

Table 6.2: Normalization factors for background processes obtained by the template
�t.

The sum of signal and background templates scaled by the normalization factors

obtained by the �t is compared to the metTopology distribution observed in the

sample ofW → τhadν candidate events selected in data in Fig. 6.5. The distribution

observed in data is �tted well by the sum of templates.

It is also needed to correct the contamination from EWK and signal to the

control region. The corrected value for the QCD background contribution to the

sample of W → τhadν candidate events passing the selection criteria described in

section 6.5 amounts to 159± 30 events.

The EWK background contributions determined by the template �t are in agree-
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Figure 6.5: metTopology distribution observed in data compared to sum of shape
templates scaled by normalization factors determined by the �t.

ment with the Monte Carlo expectation.

6.6.2 ABCD method

In the ABCD method, the contribution of QCD multi�jet background to the sample

of W → τhadν candidate events (signal region A) is estimated via extrapolation of

event yields measured in three sidebands (B, C and D). The method utilizes two

observables, which need to be uncorrelated in order for the method to work.

We use met and RHT and de�ne the four regions by:

• signal region A: RHT > 0.65, met > 30 GeV.

• sideband B: RHT > 0.65, met < 30 GeV

• sideband C: RHT < 0.65, met < 30 GeV

• sideband D: RHT < 0.65, met > 30 GeV.

Provided that there is no correlation between met and RHT, the number of QCD

events contributing to the signal region A is related to the number of QCD events

in other regions by:

NA = NB ×
ND

NC
. (6.1)

Fig. 6.6 demonstrates that the correlation between met and RHT is indeed low.
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Figure 6.6: Average value of RHT (left) and fraction of events passing RHT > 0.65
cut (right) in di�erent bins of met. The events shown in the plots are selected in
data and are required to pass all selection criteria described in section 6.5, except
met and RHT, which are both not applied [48].

Equation 6.1 can be used directly to estimate the QCD background contribution

in signal region A, in case the contributions from EWK backgrounds and from the

W → τhadν signal in the sidebands B, C and D is zero. Fig. 6.7 illustrates that the

contributions to regions B, C and D from processes other than QCD are low. Monte

Carlo simulation predicts that the sum of contributions from EWK backgrounds

plus W → τhadν signal amounts to about 1% in region C, 6% in region B and

15% in region D, respectively. The expected contributions of processes other than

QCD are subtracted from the number of events selected in the regions B, C and

D before equation 6.1 is applied. The resulting estimate for the QCD event yield

in signal region A is NA = 209 ± 6 events, compatible with the estimate obtained

via the template method. The quoted uncertainty represents only the statistical

uncertainties on the number of events observed in the sidebands B, C and D.

6.7 Systematic uncertainties

Systematic uncertainties a�ecting the measurement of the W → τν cross�section

are due to uncertainties on the e�ciency of the τhad + EmissT trigger, the τhad iden-

ti�cation e�ciency, uncertainties on the energy scale of tau�jets and other jets in

the event, theoretical uncertainties and uncertainties on the integrated luminosity

of the analyzed dataset.
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Figure 6.7: Transverse mass distributions of the τhad candidate and met, for the four
designated regions in phase space: Region D (bottom left) where RHT < 0.65 and
met > 30 GeV, Region C (upper right) where RHT < 0.65 and met < 30 GeV, and
Region B (upper left) where RHT > 0.65 and met < 30 GeV. The points represent
the data. Simulated signal and electroweak backgrounds are represented by the
�lled histograms.
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The trigger e�ciency is measured with an uncertainty of 15%, as described in

section 6.3.1.

The e�ciency for identifying hadronic tau decays is measured by the ratio of

Z → τ+τ−/Z → µ+µ− event yields with an uncertainty of 7% [40].

The energy scale of tau�jets is known with an uncertainty of 3% [40]. The

energy scale of quark and gluon jets is determined from an analysis of the PT balance

between photons and recoil jets in γ + jets events [32]. Jet energy scale uncertainties

depend on jet PT and η and are applied to jets of PT > 10 GeV.

The e�ect of energy scale uncertainties on the e�ciency to pass the P τT > 30

GeV, PF�EmissT > 30 GeV, RHT < 0.65 and MT > 40 GeV cuts applied in the

event selection is estimated by varying the energy of tau�jets, quark and gluon

jets of PT > 10 GeV plus unclustered energy within their respective uncertainties,

re�reconstructing the event after each variation and reevaluating all event selection

criteria. The event yield is compared to the nominal value and the di�erence is taken

as systematic uncertainty. The e�ect of the 3% tau�jet energy scale uncertainty on

the W → τν event yield amounts to +15.1
−14.2%. The e�ect is rather large, as an

upward (downward) variation of the tau�jet energy scale simultaneously increases

(decreases) the e�ciencies to pass PT , PF�E
miss
T , RHT and MT cuts. Variation

of the jet energy scale has the opposite e�ect: an upward (downward) variation

decreases the e�ciencies to pass the PF�EmissT and RHT cuts. We conservatively

assume that tau�jet energy scale and jet energy scale are not correlated and obtain

an uncertainty on the W → τν event yield of +9.5
−10.6% due to the jet energy scale

uncertainty.

Uncertainties due to parton�distribution functions (PDFs) are estimated fol-

lowing the PDF4LHC recommendations [49]. The total theoretical uncertainties

amount to 2%.

The integrated luminosity of the analyzed dataset is measured with an uncer-

tainty of 4.5% [50].

The systematic uncertainties considered in the W → τν cross�section measure-

ment are summarized in Tab. 6.3
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Source Uncertainty

Trigger e�ciency 15%

Tau�jet energy scale +15.1
−14.2%

Jet energy scale +9.5
−10.6%

ISR + FSR + PDF 2%
Luminosity 4.5%

Background contributions 15.1%

Table 6.3: E�ect of systematic uncertainties on the W → τν cross�section mea-
surement. The uncertainty arising from background contributions to the sample of
W → τhadν candidate events selected in data is described in section 6.8.

6.8 Cross�section extraction

The cross�section for W → τhadν production is determined by the number Nsig

of signal events, the integrated luminosity L of the analyzed dataset, plus signal

acceptance A and signal selection e�ciency ε using the relation:

σ =
Nsig

L ·A · ε
. (6.2)

The number of signal events Nsig is determined by subtracting from the number

ofW → τhadν candidate events passing the selection criteria described in section 6.5

the expected contribution of EWK plus QCD backgrounds.

The signal acceptance is de�ned to be the fraction ofW → τhadν signal events in

which theW boson decays into a tau�jet with P τhadT > 30 GeV and |ητhad | < 2.3 plus

neutrino with P νT > 30 GeV on generator level. The signal acceptance is obtained

from Monte Carlo simulation and is quoted relative to the branching fraction for

tau leptons to decay hadronically [38]:

A/BR = 0.0790± 0.0002(stat.) (6.3)

BR(τ → τhad) = 0.648. (6.4)

The signal selection e�ciency ε is de�ned as the fraction of W → τhadν events

within signal acceptance that pass the selection criteria described in section 6.5. Its

value is obtained from the Monte Carlo simulation and amounts to:

ε = 0.0334± 0.0006(stat.). (6.5)
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6.9 Results

In the analyzed dataset, corresponding to an integrated luminosity of 32.4 pb−1, 793

W → τhadν candidate events pass the event selection criteria.

Distributions of various kinematic observables reconstructed in the selected

events are displayed in Figure 6.8.

The estimated QCD background contribution to the selected event sample, de-

termined by combining the data�driven background estimates obtained via template

and ABCD method (cf. section 6.6), amounts to 182± 19 events.

The contribution of EWK backgrounds is taken from Monte Carlo simulation.

The sum of W → eν, W → µν and Z → τ+τ− background contributions is

estimated to be 109 ± 44 events. We attribute 40% relative uncertainty to the

EWK background contribution. The attributed uncertainty includes uncertainties

on e → τhad and µ → τhad fake�rates, which amount to about 20% [40, 51], plus

energy scale uncertainties, which are estimated to be about 14% for W → eν, 12%

for W → µν and 25% for Z → τ+τ−, respectively.

The number ofW → τhadν signal events in the selected event sample is estimated

to be 502± 48 events.

Using equation 6.2 to compute the cross�section with the values 6.4 and 6.5 for

signal acceptance and selection e�ciency, we measure the W → τhadν production

cross�section in pp collisions at
√
s = 7 TeV center�of�mass energy of

σ(pp→WX)× B(W → τν) = 9.08± 0.51(stat.)+2.44
−2.38(sys.)± 0.36(lumi.) nb.

The measured cross�section is in agreement with the theory prediction of 10.44 nb,

computed at next�to�next�to�leading (NNLO) order, and with the W → eν and

W → µν cross�sections measured by CMS: σ(pp → WX) × B(W → eν,W →

µν, ) = 9.95± 0.07(stat.)± 0.28(sys.)± 1.09(lumi.) nb [41].
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Figure 6.8: Distributions of PF�EmissT (a), metTopology (b) RHT (c) and MT

(d) in the sample W → τhadν candidate events compared to the expected sum
of signal plus background processes. The W → τhadν signal is scaled according
to the measured cross�section, EWK backgrounds according to the Monte Carlo
expectation and QCD background to the yield determined from data. The expected
shapes are taken from the Monte Carlo simulation, except for the QCD background,
which is obtained from a control region in data, as described in section 6.6.





Chapter 7

Search for Higgs in

H → ZZ → 2l2τ �nal state

7.1 Analysis Motivation

The search for the SM Higgs in the decay H → ZZ → 2l2τ [52] complements the

search for H → ZZ(∗) → 4l(l = e, µ) [5] at large Higgs mass above the kinematical

threshold of the ZZ production. Presence of four leptons in the �nal state provides

a clean signature with small background contributions. The major sources of back-

grounds are expected to be: irreducible SM ZZ production and reducible SM Z and

WZ production in association with jets, and tt̄.

The analysis has been done in two steps. At the step 1 the electron, muon and

tau algorithms were selected. The CiC has been chosen for the electrons and VBTF

Muon for muons, mainly due to these algorithms are used in [5] and demonstrated

a very good performance. For the taus the HPS was chosen, which performance was

studied in the Z → ττ analysis [53, 54]. The values were adjusted by looking at the

MC signal sample and mixture of all possible backgrounds as explained later on in

the text. The cuts on Z → ττ leg have been set not as tight as for the inclusive

Z production, since the background in ZZ case is expected to be much smaller.

An absolute minima of the cuts were chosen to ensure robust performance of the

analysis and data�MC comparison.

At the step 2 the tuning was performed using data. The signal e�ciency was

taken from the ZZ MC as in step 1, but the background contribution was estimated

using data�driven method. The cuts were tuned �nally to get the best signal to

background rejection as explained later on in the text.

Study on H → ZZ → 2l2τ has been done by 1.1 fb−1 and updated with 2.1

fb−1. The MC samples, triggers, selections and systematical errors are the same in
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two analysis while the method for reducible background estimations and extracting

the exclusion limit di�ers between two analyses.

7.2 Data and MC samples and Trigger Selection

A set of MC samples is used to reproduce the mixture of signal and background

events.

The Drell�Yan background is simulated with the next-to-leading order (NLO)

Monte Carlo generator POWHEG [55, 56, 57]. The diboson backgrounds are sim-

ulated with PYTHIA [58]. The top samples are simulated with Madgraph [59].

The τ�lepton decays are generated with Tauola [60]. The Higgs boson samples are

generated using POWHEG, which incorporates NLO gluon fusion (gg → H) and

vector-boson fusion (qq̄ → qq̄H). The MC samples are mixed based on the cor-

responding cross-sections corrected to NLO. The pileup conditions in the MC are

re-weighted to the pile-up observed in the data.

The primary data set which are trigger by double muon or double electron has

been used in this analysis. MC are also required to pass the doubleMuon or dou-

bleElectron triggers. A summary of the triggers is presented in Table 7.1.

HLT path L1 seed

µµ channels

DoubleMu7 L1_DoubleMu3
Mu13_Mu8 L1_DoubleMu_5_Open

ee channels

Ele17_CaloIdL_CaloIsoVL_Ele8_CaloIdL_CaloIsoVL L1_SingleEG12

Table 7.1: HLT paths used to select the �nal sample, based on the decay products
of the leading Z leg

7.3 Event Selections

Eight di�erent �nal states are investigated in this analysis. Each signal consists of

two to four light leptons (e, µ) and up to two hadronic taus.

The 'leading' Z consists of pair of well identi�ed leptons(µ or e) which are also

expected to trigger the events. The �rst leg in common between both the signal and
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background contributions with the exception of the tt̄ background which is largely

rejected by requiring a narrow mass around the leading Z mass.

The strategy for the leading leptons is to be as loose as possible for leading

lepton ID and isolation, only requiring the cuts to be tighter than those applied

on the trigger. The background rejection is then achieved by requiring two more

leptons in the event, distinguishing between jets and light leptons or hadronic taus.

Details of the event selection is de�ned as follows.

7.3.1 Leading Z Selection

The leading Z boson candidate is required to have leptons of opposite charge that

are isolated and well-identi�ed using criteria discussed below.

Z→ µ+ µ

• Two opposite charged, global or tracker muons with pT > 20 GeV (leading),

10 GeV (subleading) and |η| < 2.4

• Muon Combined Relative Isolation less than 0.25 with fast jet corrections.

The fast jet correction uses the Fastjet algorithm to calculate the energy

density(ρ) due to PU and UE. Therefore since the isolation cone is known,

this energy can be subtracted from the isolation sum as following:

Irel(ρ) =
Σ
(
P TrackerT +max(EECALT + EHCALT − ρπ∆R2, 0.0)

)
P lT

where ∆R is the isolation cone size(0.3) and P TrackerT , EECALT and EHCALT

correspond to energy deposit in tracker, ECAL and HCAL, respectively.

• Invariant mass of two muons to be between 60 and 120 GeV

Z→ e+ e

• Two opposite electrons(CiC tight ID) with pT > 20 GeV (leading), 10 GeV

(subleading) and |η| < 2.5

• No more than 1 missing inner tracker hits for the electron.
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• Electron combined relative isolation less than 0.2 with fast jet corrections.

• Invariant mass of two electrons to be between 60 and 120 GeV

Data to MC comparison for the leading Z decaying into µµ and ee with 2.1 fb−1

is shown in Fig. 7.1.

Figure 7.1: Reconstructed invariant mass of the leading Z to ee and µµ candidates.

7.3.2 Second Z Selection

Z→ µ+ τhad

In this mode the second Z decays into a pair of taus with one τ decaying to a µ
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and two neutrinos and the second τ decays hadronically with the addition of another

neutrino. The presence of the muon makes this channel relatively clean but small

backgrounds remain from Z+Jets or WZ, where a real Z decay to a pair of electrons

or muons and a real muon from a b jet or W and a jet faking the hadronic τ . In

order to reduce these backgrounds the following selection is applied:

• Identi�ed(VBTF) and isolated(relIso < 0.15) muon with pT > 10 GeV and

|η| < 2.4

• HPS tau with transverse momentum greater than 20 GeV and |η| < 2.3

• Tau is required to pass electron loose discriminator and muon tight discrimi-

nator and Loose Isolation

• Charge of the muon and tau must be opposite, (Qτhad +Qµ = 0).

• 30 ≤ Visible Mass (µτ) ≤ 80

Z→ e+ τhad

In this mode second Z decays to a pair of taus where one τ decays to an electron

and two neutrinos and the second τ decaying hadronically with the addition of

another neutrino. This channel is expected to have more backgrounds than the

µ − τ channels from Z+Jets or WZ. There is also a chance of a charged pion or

a photon faking the electron. In order to reduce these backgrounds the following

selection is applied:

• Identi�ed (CIC tight) and isolated(relIso < 0.05) electron with pT > 10 GeV

and |η| < 2.5

• No missing inner tracker hits for the electron.

• HPS tau with transverse momentum greater than 20 GeV and |η| < 2.3

• tau is required to pass electron loose discriminator and muon loose discrimi-

nator and Loose Isolation

• Charge of the electron and tau must be opposite, (Qτhad +Qe = 0).

• 30 ≤ Visible Mass (eτ) ≤ 80
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Z→ τhad + τhad

This mode where the taus from second Z decay fully hadronically, has the largest

background due to the fake�taus being reconstructed out of hadronic jets, the main

background source comes from a Z production in association with two or more jets.

This background can be controlled by requiring a stringent tau isolation requirement

summarized as follows:

• Two opposite charge HPS τ with minimum pT 20 GeV and |η| of less than 2.3.

• tau is required to pass electron loose discriminator and muon loose discrimi-

nator and Medium Isolation

• 30 ≤ Visible Mass (ττ) ≤ 80

Z→ e+ µ

In this mode, Z decays into a pair of taus with the one tau decaying to a muon

and a pair of neutrinos and the second tau decaying to an electron and a pair of

neutrinos. This channel is very clean but also has the lowest branching ratio. The

remaining small backgrounds come from Z+Jets and WZ, these backgrounds are

reduced with the following cuts:

• Identi�ed(VBTF) and isolated(relIso < 0.25) muon with pT > 10 GeV and

|η| < 2.4

• Identi�ed (CIC tight) and isolated(relIso < 0.2) electron with pT > 10 GeV

and |η| < 2.5

• No more than 1 missing inner tracker hits for the electron.

• The charge of the electron and muon must be opposite (Qe +Qµ = 0).

• 30 ≤ Visible Mass (eµ) ≤ 80

7.4 Analysis I (1.1 fb−1) data

The two main sources of reducible backgrounds are represented by Z+jets including

heavy and light �avor jets and standard model WZ backgrounds. In both cases a
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real Z decaying to a pair of electrons or muons is detected and another lepton is

produced from the W, bottom quark, or charm quark decay. In addition to a real

lepton there is also a possibility for a charged pion or photon to fake an electron or

an electron, muon, quark, or gluon jet to fake a hadronic tau. To provide a data-

driven estimate of the reducible background contributions, a fake�rate method is

used. The fake�rate is estimated in a similar way separately for each lepton �avor.

7.4.1 Background estimation via fake rate method

The probability for jets to fake taus is measured using events with a leading Z,

after all selections cuts are applied, and a second leading Z decaying into ττ , where

no requirements on the τ isolation are applied and only decay mode is required.

Additionally, we require that the taus have the same charge to ensure a background

dominated sample. After this selection a ratio of number of τ 's which pass HPS

Loose or Medium discriminator to the initial number of τ 's is measured as a function

of the tau transverse momenta for each tau individually. This region is dominated

by Z+Jets background with signal contamination less than 0.1%. The 2l2τ visible

invariant mass distributions measured in data are compared to predictions of the

MC simulation in Fig. 7.2 for the control regions. The MC simulation describes the

data well.
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Figure 7.2: Comparison between data and simulation for the background estimation
in same-sign, anti-isolated control region for µµττ (left plot) and eeττ (right plot)
events.

The measured fake�rates are then �t as
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F (pT (τ)) = C0 + C1e
C2pT (τ) (7.1)

Results of the �t can be seen in Fig. 7.3 for the Loose and Medium HPS working

points. To perform the background estimate the �t results are applied to the signal

sample (NS), which is selected using all �nal cuts and an anti-isolation require-

ment on the tau isolation (to avoid contribution of real events). The background

contribution (NB) is estimated as follows.

For semi-leptonic channels:

NB =
NSF (pT (τ))

1− F (pT (τ))
(7.2)

For fully hadronic channels:

NB =
NSF (pT (τ1))F (pT (τ2))

1− F (pT (τ1))F (pT (τ2))
(7.3)

Data derived estimation values are shown in Table 7.2

Figure 7.3: Fake rate as a function of τpT for the Loose (Left) and Medium (right)
τ working points with the resulting �t overlaid. Results are from 1.1 fb−1 of data
and compared with simulated background.

In the channels where no hadronic tau are involved a similar fake�rate method

is used. A background dominated sample is selected by applying all cuts except the

isolation on inspected leptons and again requiring the leptons from the second Z

to have the same charge. After selecting the background dominated sample, a pT

independent fake rate (F) is calculated separately for electrons and muons. This
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fake rate is then applied to the signal like region (NS), selected by applying all cuts

except the leptons coming from the second leading Z are anti-isolated. The number

of expected background events (NB) is then calculated as follows.

NB =
NSF1F2

1− F1F2
(7.4)

Where F1 and F2 correspond to the fake rate for 1st and 2nd lepton from the

second leading Z respectively. Table 7.2 shows the results of reducible background

estimation via fake rate method.

Channel Estimated Events

eeττ 0.084 ± 0.004
µµττ 0.066 ± 0.004
eeeτ 0.24 ± 0.07
µµeτ 0.12 ± 0.05
eeµτ 0.07 ± 0.04
µµµτ 0.05 ± 0.03
µµeµ 0.12 ± 0.09
eeeµ 0.06 ± 0.05

Table 7.2: Results from data driven background estimate with 1.1 fb−1

The estimation of the ZZ contribution is based on a comparison to the well�

measured inclusive Z production cross-section. The number of expected ZZ events

can be written as

N estimated
ZZ = Nobs

Z ·
σSMZZ ·AZZ
σSMZ ·AZ

, (7.5)

where Nobs
Z is the number of observed events via inclusive Z production, AZ is the

analysis acceptance estimated using a MC simulation and scaled with measured

data/MC correction factors, and AZZ is the analysis acceptance for ZZ events.

Table 7.3 compares the estimated number of ZZ events in the signal region in

1.1 fb−1 of data with the expected numbers from the MC simulation.

7.4.2 Systematic uncertainties

The main sources of systematic uncertainties which are common for all �nal states

are summarized in Table 7.4. The pp integrated luminosity has an uncertainty of

4.5%. Additional systematics a�ecting the reducible backgrounds come from the
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N exp
ZZ N est

ZZ

µµττ 0.142 ± 0.013 0.145 ± 0.013
µµµτ 0.281 ± 0.017 0.287 ± 0.018
µµeτ 0.316 ± 0.019 0.323 ± 0.019
µµeµ 0.179 ± 0.014 0.183 ± 0.014
eeττ 0.120 ± 0.012 0.125 ± 0.012
eeµτ 0.240 ± 0.016 0.250 ± 0.017
eeeτ 0.311 ± 0.018 0.323 ± 0.019
eeeµ 0.157 ± 0.013 0.163 ± 0.014

Table 7.3: The ZZ background yield expected from the MC simulation compared
to the yield obtained using the data�driven method.

limited statistics in the background control regions which propagates to the back-

ground evaluation in the signal region, and from the uncertainty on the extrapolation

factor from the background control to the signal control regions and from the MC

based closure tests.

In addition, in Table 7.5, systematic for e and µ reconstruction, identi�cation,

isolation and energy scales are quoted.

Source Uncertainty

Luminosity 1.045
Higgs cross section 1.17�1.20

ZZ Background Estimate 1.1
Z+Jets/WZ Background Estimate 1.3

Table 7.4: Systematic uncertainties common to all channels.

Channel e Reco / ID/ Iso µ Reco / ID / Iso τ ID τ Energy Scale Trigger

µµττ - 1.01 1.10 1.04 1.01
µµµτ - 1.02 1.06 1.03 1.01
µµeτ 1.06 1.01 1.06 1.03 1.01
µµeµ 1.03 1.02 - - 1.01
eeττ 1.02 - 1.10 1.04 1.01
eeµτ 1.02 1.01 1.06 1.03 1.01
eeeτ 1.06 - 1.06 1.03 1.01
eeeµ 1.04 1.02 - - 1.01

Table 7.5: Channel speci�c systematic uncertainties
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7.4.3 Results
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Figure 7.4: The four-lepton reconstructed mass summed for all 2l2τ �nal states. The
data corresponds to an integrated luminosity of 1.1 fb−1. The stacked background
shapes are the result of a MC simulation and normalized to the values obtained
using the data�driven techniques. The expected mass distributions for the SM
Higgs boson with a mass 200 or 400 GeV are also shown.

In 1.1 fb−1 of data one event is observed in the 8 search channels, in the eeeτ

state, as compared to 2.5 background events expected. The reconstructed 2l2τ in-

variant mass for all decay channels is presented in Fig. 7.4. The stacked background

shapes are simulated using MC and normalized to the values obtained using the

method outlined above. The expected mass distributions for the SM Higgs with

masses mH = 200 and mH = 400GeV/c2 are also shown. No evidence is found for

a signi�cant deviation from standard model expectations anywhere in the ZZ mass

range considered in this analysis.

Expected and observed 95% C.L. (Con�dence Level) upper limits are set on

the cross-section ratio to the nominal SM Higgs cross-section using the modi�ed

frequentist construction CLs [61, 62]. They are presented as a function of the Higgs
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Figure 7.5: The expected and observed 95% C.L. upper limits on the product of the
production cross-section and decay branching ratio for a Higgs boson normalized to
the SM expectation as a function of mH. At mH = 180 GeV/c2 the less restrictive
limit is due to the rapidly decreasing branching ratio of H → ZZ in the SM. The
one- and two-standard-deviation ranges are also shown.
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mass in Fig. 7.5. The bands represent the 1σ and 2σ probability intervals around

the expected limit. The upper limit on the cross-section is approximately ten times

the SM cross-section in the range of 200 < mH < 400 GeV/c2.

7.5 Analysis II ( 2.1 fb−1) data

In this part, the updated results of this analysis with 2.1 fb−1 is presented with

the same selection as discussed in 7.3 and same MC with added more data. The

systematics is the same as pointed out in section 7.4.2. The main di�erence in this

update is usage of a di�erent method for estimating the reducible background. At

the end expected and observed 95% C.L. (con�dence level) upper limits are set on the

cross-section ratio to the nominal SM Higgs cross-section using the MarkovChainMC

method(which computes a Bayesian limit).

7.5.1 Reducible background estimation via ABCD method

This method aims to estimate the amount of reducible backgrounds (ZJet, WZ and

TTbar) by dividing the phase space of the isolation of the two objects from decaying

subleading Z into four regions, after applying all other cuts. One region which is

called "signal region" is where two objects pass the isolation where HZZ and ZZ

samples dominates, while in the 3 other regions at least one of the objects fail the

isolation and are called "background regions" which dominates by backgrounds.

For events with two hadronic tau in the �nal states the de�nition of the regions

would be as following:

• region A where both taus are isolated. This region is dominated by signal and

irreducible backgrounds; we want to account reducible background, such as

Zjets,WZ and TTbar here.

• In region B and C one of the taus are isolated while the other is anti-isolated.

• In Region D, both taus are anti-isolated.

Figure 7.6 illustrates the visible mass distributions of µµττ in regions B, C and

D. One sees that indeed these regions are dominated by background.
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Figure 7.6: Visible mass distributions of µµττ �nal states for the selections that all
cuts has been applied and one of the taus are anti-isolated(top-left and bottom) and
for the case where all cuts are applied and both taus are anti-isolated(top-right).



7.5. Analysis II ( 2.1 fb−1) data 109

Provided that the isolation of the �rst tau does not correlate with the isolation

of the second tau, the amount of reducible background events in the signal region A

from the numbers of events observed in the other regions would be: NA = NB×NC
ND

.

Assuming that the charge of two leptons are not correlated with isolation, one

can relax the cut on the charge of the subleading Z. Therefor regions B,C and D

include both same-sign and opposite-sign ditaus and the estimated reducible formula

changes to:

Figure 7.7: ditau charge in µµττ channels where both taus are anti-isolated

NA = (
NB ×NC

ND
)× (

NOS

NOS +NSS
)

where NOS(NSS) is the amount of opposite�sign(same�sign) for two taus in re-

gion D where statistics is higher than other regions. Relaxing the cut on ditau charge

leads to more statistics in control regions B,C and D and consequently, decreases

the statistical error on background estimation. Figure 7.7 shows the sign of ditau in

the µµττ �nal states where both taus fail the isolation. The charge ratio is about

0.50±0.01.

The same strategy is applied for 3l1τ and 4l �nal state. In the former the four
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regions are based on the isolation of the µ/e and τhad while for the latter, the four

regions are based on the isolation of the e and µ.

Channel Expected events

µµττ 0.41 ± 0.07
µµeτ 0.25 ± 0.08
µµµτ 0.22 ± 0.09
µµµe 0.13 ± 0.13
eeττ 0.38 ± 0.07
eeeτ 0.16 ± 0.08
eeµτ 0.16 ± 0.08
eeeµ 0.17 ± 0.17

Table 7.6: Results from data driven background estimate with 2.1 fb−1 using ABCD
method

Table 7.6 shows the estimated number of reducible backgrounds for all 8 chan-

nels. Agreement between data and MC in shown in Figure 7.6.

7.5.2 Results

Five events(2 µµµτ , 2 eeeτ and 1 µµττ �nal state ) have been observed in 2.1 fb−1.

Comparing to 4.5 events in the MC shows no evidence for the signi�cant deviation

from standard model expectations anywhere in the ZZ mass range considered in

this analysis. Table 7.7 shows the �nal yield of Higgs at Mass 200, irreducible

ZZ background and the estimated irreducible background which were measured via

data-driven method.

Channel H200→ZZ irreducible ZZ reducible WZ/Z + jet BG

µµττ 0.080 ± 0.003 0.324 ± 0.031 0.41 ± 0.07
µµeτ 0.137 ±0.004 0.431 ±0.036 0.25 ± 0.08
µµµτ 0.115 ±0.004 0.493 ± 0.036 0.22 ± 0.09
µµµe 0.053 ± 0.003 0.202 ±0.025 0.13 ± 0.13
eeττ 0.065 ± 0.003 0.241 ± 0.027 0.38 ± 0.07
eeeτ 0.106 ± 0.004 0.398 ± 0.035 0.16 ± 0.08
eeµτ 0.115 ± 0.004 0.388 ±0.034 0.16 ± 0.08
eeeµ 0.046 ± 0.002 0.182 ± 0.023 0.17 ± 0.17

Table 7.7: Final yield of H200, ZZ and WZ/Z+jet backgrounds. Value of signal and
ZZ background are from MC simulation and the value of reducible backgrounds are
from data using ABCD method

The reconstructed 2l2τ visible mass for all decay channels is presented in Fig. 7.8.
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The shape and yield of Signal(200 GeV) and ZZ background has been obtained

from the MC while for the reducible background the shape of all channel is from

data(where in the subleading Z both objects are anti-isolated and shapes are nor-

malized to the estimated value from data-driven method, summarized in table 7.6).

Figure 7.8: The four-lepton reconstructed mass summed for all 2l2τ �nal states.
The data corresponds to an integrated luminosity of 2.1 fb−1. The shape and yield
of Signal(200 GeV) and ZZ background has been obtained from the MC while for
the reducible ZJet/WZ background the shape of all channel is from data (where in
the subleading Z both objects are anti-isolated and shapes are normalized to the
estimated value from data-driven method, summarized in table 7.6). Indeed there
is a correlation between visible mass and isolation of the taus since fake rate depends
on the tau pT . However it has been shown that this e�ect on the �nal visible mass
for all �nal states is small.

The �nal step before making the exclusion plot is to de�ne a mass windows for

each �nal states and each Higgs mass. This cut has a signi�cant impact on reducing

the ZZ irreducible background. Fig. 7.9 compares the shape of the HZZ at Mass

200 GeV with ZZ in four di�erent �nal states. Cutting on the invariant mass aims

to select HZZ events as signi�cant as possible and suppressing ZZ background.

Figure 7.10 shows the mass window for all eight �nal states and for 10 di�erent

Higgs masses. As the Higgs with higher mass has a broader shape, their visible

mass windows become larger. Approximately the window for each mass is within
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Figure 7.9: Shape of signal(H200) and ZZ background for four �nal states. The
plots are normalized to 2.1 fb−1
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(0.60± 0.05, 1.00± 0.05) times the mass of the Higgs.
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Figure 7.10: Di�erent value of the mass windows for 8 �nal states and 10 Higgs
mass points.

Expected and observed 95% C.L. (con�dence level) upper limits are set on the

cross-section ratio to the nominal SM Higgs cross-section using Markov-Chain MC

method. They are presented as a function of the Higgs mass in Fig. 7.11. Similar to

the analysis done with 1.1 fb−1, the upper limit on the cross-section is approximately

ten times the SM cross-section in the range of 200 < mH < 400 GeV/c2.
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Figure 7.11: The expected and observed 95% C.L. upper limits on the product of
the production cross-section and decay branching ratio for a Higgs boson normalized
to the SM expectation as a function of mH. The one- and two-standard-deviation
ranges are also shown.
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7.6 Conclusions

A search for the Standard Model Higgs in the decay mode H → ZZ → 2l2τ has

been performed using CMS data corresponding to an integrated luminosity of 1.1

fb−1 and updated with 2.1 fb−1. No evidence is found for a signi�cant deviation

from Standard Model expectations anywhere in the ZZ mass range considered in

this analysis. An upper limit is placed at 95% C.L. on the product of the cross-

section and decay branching ratio for a Higgs boson decaying with SM couplings,

which excludes cross-sections of about ten times the expected value for Higgs masses

in the range 200 < mH < 400 GeV/c2.
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