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ABSTRACT

Search for Standard Model Higgs Boson in H→WW ∗→ lν lν
Decay Mode with ATLAS Detector at

√
s = 7 TeV

Haifeng Li
School of Physics

Doctor of Philosophy

Standard Model is already very successful to explain many experimental results in High Energy
Physics (HEP). One of the missing parts of Standard Model is the origin of particle mass. Higgs
mechanism was proposed to explain the particle mass and predicts another boson called Higgs
boson. So finding Higgs boson is a way to prove the Higgs mechanism. If Higgs boson exists, the
origin of mass in Standard Model can be understood. That is one of the main motivations to build
Large Hadron Collider at CERN.

A search for the Standard Model Higgs boson decaying into two W bosons with di-lepton final
states is performed using proton-proton collision data at center-of-mass energy of 7 TeV at the
Large Hadron Collider. The data is collected by ATLAS detector during 2011 and corresponding to
an integrated luminosity 4.7fb−1. The transverse mass of WW system is used to discriminate signal
and background. No significant excess is observed with current data. A Standard Model Higgs
boson with a mass in the range between 133 GeV and 258 GeV is excluded at 95% confidence
level. The expected exclusion range is from 127 GeV to 233 GeV.
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Chapter 1

The Standard Model and the Higgs

Mechanism

This chapter provides theoretical background and motivation for this thesis. It will give a brief

introduction to Standard Model and Higgs Mechanism based on Ref. [18, 19, 5, 6]. The Higgs

production and decay in hadron collider will be mentioned at Section 1.3.1 and Section 1.3.2. A

short introduction to phenomenology at pp collisions is given at Section 1.3.3.

1.1 The Standard Model of Particle Physics

The Standard Model (SM) is a theoretical framework to formulate the current understanding of

basic constituents of matter and their interactions. It is a gauge theory based on symmetry group

SU(3)C×SU(2)L×U(1)Y , which describes strong, weak and electromagnetic interactions. Those

interaction are propagated by spin-1 gauge bosons : eight gluons for strong interaction, W, Z

bosons for weak interaction and photon for electromagnetic interaction. Fig. 1.1 shows the ele-

mentary particles in Standard Model.

1
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Figure 1.1 The elementary particles of Standard Model.

1.1.1 Lagrangian and Field Theory

The principle of least action states that the evolution of a physical system between two states is

determined by requiring the action to be minimal. The action in a quantum filed theory is given as

a functional S :

S =
∫

L d4x =
∫

L (φ , ∂µφ)d4x , (1.1)

where L is the Lagrangian density, φ is a generic field variable. The principle of least action leads

to Euler-Lagrange equation :

∂µ(
∂L

∂ (∂µφ)
)− ∂L

∂φ
= 0 (1.2)

which determines the dynamics of a physical system.
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1.1.2 Quantum Electrodynamics

The Quantum Electrodynamics (QED), is used to describe electromagnetic interaction. QED is

based on U(1) symmetry group. The Lagrangian L of a free relativistic spin 1/2 particle with

mass m is given by :

L0 = ψ̄(iγµ
∂µ −m)ψ. (1.3)

L is invariant under global gauge transformations

ψ(x) U(1)−→ ψ
′(x) ≡ exp{iα}ψ(x) , (1.4)

L ′ = L

where α is an arbitrary constant phase. After the transformation, the Lagrangian does not change.

The global gauge transformation also can be extended to local gauge transformation. Under

local gauge transformation, the phase α(x) will depend on the space-time coordinates :

∂µψ(x) U(1)−→ exp{iα(x)}(∂µ + i∂µα(x))ψ(x) , (1.5)

L ′ 6= L

The Lagrangian is no longer invariant under local gauge transformation unless one can add an

additional term to cancel the second term of Eq. 1.5. A new spin 1 field Aµ(x) which transforms

like

Aµ(x) U(1)−→ A′µ(x) ≡ Aµ(x)− 1
e

∂µα(x), (1.6)

and the new covariant derivative

∂µ → Dµ = ∂µ − ieAµ . (1.7)

The transformation will be

Dµψ(x) U(1)−→ (Dµψ)′(x) ≡ exp{iα(x)}Dµ ψ(x). (1.8)
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The invariant Lagrangian under local gauge transformations is

L = ψ̄(iγµDµ −m)ψ = L0 + eψ̄γ
µ

ψAµ = L0 +Lint . (1.9)

Term Lint can describe the interaction between field Aµ and Dirac spinor (spin 1/2 particle). To

make vector field Aµ be a dynamical field, a kinetic term can be added to the Lagrangian

Lkinetic =−1
4

FµνFµν (1.10)

where Fµν ≡ ∂µAν −∂νAµ . A mass term, like Lm = 1
2m2AµAµ , is forbidden by the gauge invari-

ance. This Lagrangian cannot describe massive bosons without violating local gauge invariance.

1.1.3 Quantum Chromodynamics

Quarks and Color

Experiments observe lots of baryons and mesons, which indicate there are deeper level elementary

constituents of matter : quarks. qq̄ can represent mesons and qqq can represent baryons. One

runs into trouble with the uuu configuration of doubly charged ∆++. In order not to violate the

Fermi-Dirac statistics, quarks must have another quantum number, which is called color.

The color quantum number can be measured directly in experiment. The ratio, R, is defined as

Re+e− =
σ(e+e−→ hadrons)
σ(e+e−→ µ+µ−)

. (1.11)

The process with hadronic final states is e+e− → γ∗,Z∗ → qq̄→ hadrons and the electroweak

process is e+e− → γ∗,Z∗ → µ+µ−. The value of Re+e− below Z peak is Re+e− ≈ NC ∑
N f
f =1 Q2

f .

The experimental results for Re+e− is shown in Fig. 1.2. Without taking the strong interaction into

account, NC = 3 can give good prediction.
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Figure 1.2 World data on the ratio Re+e− [4].

Non-Abelian Gauge Theory

In color space, ψ ≡ (ψ1,ψ2,ψ3) can be used to denote a multiplet fermion fields. The free La-

grangian

L0 = ψ̄(iγµ
∂µ −m)ψ. (1.12)

which is invariant under global SU(3)C transformation. The SU(3)C matrices can be written as

U = exp{iλ a

2
θa}, (1.13)

where 1
2λ a(a = 1,2, ...,8) are the generators of the fundmental representation of SU(3)C algebra.

Matrices λ a are traceless and satisfy the communication relations[
λ a

2
,

λ b

2

]
= i f abc λ c

2
(1.14)

f abc are the SU(3)C structure constants. They are real and antisymmetric. The global symmetry

can now be extended to local symmetry by changing the constant θa to θa(x). At the same time, a
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Figure 1.3 QCD interaction vertices [5].

covariant derivative is introduced,

∂µ → Dµ = ∂µ − igGµ(x). (1.15)

where the matrix Gµ can be expanded

Gµ(x) = (
λ a

2
)Gµ

a (x). (1.16)

The non-Abelian gauge transformation is more complex than QED case. The final SU(3)c invariant

Lagrangian for QCD is

LQCD = ψ̄(iγµDµ −m)ψ− 1
4

Ga
µνGa,µν , (1.17)

which indicates there will be gluon field. The interaction vertices are shown in Fig. 1.3. One

important feature of QCD is that the gluons have self interactions.

1.1.4 Electoweak Interaction

Lots of low energy experiments indicate that only left handed fermion and right handed anti-

fermion participate the weak interaction. The intermediate vector bosons, W± and Z were predicted

by theory and discovered by experiments.

The fermions can be grouped with left-handed doublets and right-handed singlets. They are
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the fundamental representations of group SU(2)×U(1), νe

e


L

,

 νµ

µ


L

,

 ντ

τ


L

, eR, νR, τR

 u

d


L

,

 c

s


L

,

 t

b


L

, uR, dR, cR, sR, tR, bR (1.18)

The Lagrangian of electroweak interaction can be written,

LEW = LF +LG, (1.19)

where LF is the term for fermions, LG is the gauge field term.

LF = iψ̄Lγ
µDµ LψL + iψ̄Rγ

µDµ RψR, (1.20)

The covariant derivatives are ,

Dµ LψL = (∂µ + ig
σi

2
W i

µ + ig′
YL

2
Bµ)ψL (1.21)

Dµ RψR = (∂µ + ig′
YR

2
Bµ)ψR, (1.22)

where σi are Pauli spin matrices and Y is the weak hyper-charge. The Lagrangian for gauge field

is,

LG = −1
4

W i
µνW µν

i − 1
4

BµνBµν , (1.23)

where the fields are,

W i
µν = ∂µW i

ν −∂νW i
µ +gε

i jkW j
µW k

ν and (1.24)

Bµν = ∂µBν −∂νBµ , (1.25)

where g is the weak coupling constant. The observable weak gauge bosons W±, Z and γ can be

the linear combinations of the four gauge fields Bµ and W i
µ ,

W±µ =
1√
2

(W 1
µ ∓ iW 2

µ ) (1.26)
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Figure 1.4 The potential V for the scalar filed [6].

and  Zµ

Aµ

=

 cosθW sinθW

−sinθW cosθW


 W 3

µ

Bµ

 . (1.27)

The cosθW can be determined by g/
√

g2 +g′2. Right now the gauge field are massless fields.

1.2 The Higgs Mechanism

1.2.1 The Goldstone Theorem

One can first consider a scalar real field φ in this Lagrangian

L =
1
2

∂µφ∂
µ

φ −V (φ), (1.28)

where V (φ) = 1
2 µ2φ 2 + 1

4λφ 4. Since there are no cubic terms, the Lagrangian will not change if

one does a φ →−φ operation. The self-coupling λ is positive. If µ2 is positive, the potential V (φ)



1.2 The Higgs Mechanism 9

will also be positive, like the left plot of Fig. 1.4. If µ2 < 0, the minimum value of V (φ) is at

φ 2
0 =−µ2

λ
≡ v2.

One can consider a complex scalar field. The Lagrangian

L = ∂µφ
†
∂

µ
φ −V (φ) (1.29)

where V (φ) = µ2φ †φ +h
(
φ †φ

)2. The Lagrangian is invariant under global transformation.

φ(x) → φ
′(x) = exp{iα}φ(x). (1.30)

For µ2 < 0, the potential has a minimum at

|φ(x)0| =
√
−µ2

2h
≡ v√

2
, (1.31)

which has solutions for different phase states φ(x)0 = v
2 exp{iα}. One can choose arbitrary value

of α , for example α = 0. Then the global phase symmetry is spontaneously broken. This is called

Spontaneous Symmetry Breaking (SSB). One can try to use real fields to parametrize the complex

fields over the ground states.

φ(x) =
1√
2

[v+ϕ1(x)+ iϕ2(x)] , (1.32)

where ϕ1 and ϕ2 are real fields. The new potential will be

V (φ) = V (φ0)−µ
2
ϕ

2
1 +hvϕ1

(
ϕ

2
1 +ϕ

2
2
)
+

h
4
(
ϕ

2
1 +ϕ

2
2
)2

(1.33)

The ϕ1 can describe a field with mass −2µ2. ϕ2 is still massless. Generally, SSB is associated

with massless excitations. This is Goldstone theorem.

1.2.2 The Higgs-Kibble Mechanism

Goldstone theorem doesn’t solve the problem. It introduces more massless fields. One can apply

this theorem to local gauge symmetry [20, 21] by introducing an SU(2)L doublet of complex scalar



1.2 The Higgs Mechanism 10

fields.

φ(x) ≡

 φ †(x)

φ 0(x)

 . (1.34)

The Lagrangian in 1.28 can be gauge invariant

LS =
(
Dµφ

)† Dµ
φ −µ

2
φ

†
φ −h

(
φ

†
φ

)2
, (1.35)

where h > 0 and µ2 < 0. Now the covariant derivative is

Dµ
φ =

[
∂

µ + igW̃ µ + ig′ yφ Bµ

]
φ (1.36)

with yφ = 1/2. The vacuum expectation value will be

< 0|φ |0 >=

√
−µ2

2h
≡ v

2
. (1.37)

The scalar doublet fields can be parametrized

φ(x) = exp{iσi

2
α

i(x)} 1√
2

 0

v+H(x)

 , (1.38)

where α i are three massless Goldstone bosons associated with SSB. The covariant derivative 1.36

can be expanded using the Eq. 1.38 :

(
Dµφ

)† Dµ
φ → 1

2
∂µH∂

µH +(v+H)2
{

g2

4
W †

µW µ +
g2

8cos2 θW
ZµZµ

}
, (1.39)

with the physical gauge θ i = 0. It 1.39 contains the mass terms for W and Z,

mW = cosθW mZ =
gv
2

. (1.40)

After SSB, the three Goldstone bosons are absorbed by the weak gauge boson. And the gauge

bosons become massive which needs longitudinal polarization. So the total degrees of freedom

don’t change before and after SSB.
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The vacuum expectation value v can be measured via the muon decay, which is µ− → e−ν̄eνµ .

Since the W boson is so heavy, the W propagator shrinks to a point. The whole process can be

approximated as a four-fermion interaction.

g2

M2
W −q2 ≈

g2

M2
W
≡ 4
√

2GF . (1.41)

By measuring the muon lifetime, one can get the value of GF and the scalar vaccum expectation

value v = 246GeV .

1.2.3 Experimental Limits

Since the Higgs contributes to the high order correction to the electroweak interaction, the mass

of Higgs can be constrainted by the high-precision electroweak measurement indirectly. The mea-

surement of Z boson mass and decay width, the measurement of W boson mass and decay width

and the mass of top quark give the mass of Higgs an upper limit of mH < 185 GeV at 95% CL.

The mass of Higgs can also be measured directly by the Large Electron Positron Collider

(LEP). The Higgs boson can be produced via e+e− → Z∗ → HZ channel at LEP. A lower limit on

the Higgs mass, mH > 114.4 GeV at 95% CL was obtained. At Tevatron, the exclusion of Higgs

mass is between 160 GeV and 170 GeV at 95% [22].

1.3 The Higgs Boson Search at LHC

LHC provides proton-proton collisions at a center-of-mass energy of
√

s = 7 TeV. The Higgs boson

can be produced at different channels and the mass of Higgs can be searched at a large range.

1.3.1 The Production of Higgs Boson

The Higgs can be produced via several channels at hadron collider. Fig. 1.7 shows the dominant

Higgs production processes, gluon gluon fusion (ggF), vector boson fusion (VBF), Higgs-strahlung
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Figure 1.6 Cross section of the Standard Model Higgs for LHC at
√

s = 7 TeV [8].

and the associated production with top-quark pair. The cross section of these processes can be

found at Fig. 1.6. The gluon gluon fusion is the dominant production process. The cross section

of vector boson fusion is smaller than gluon gluon fusion. The kinematic feature of vector boson

fusion is that it has two forward jets, which provides a method to suppress the large background.

1.3.2 The Decay of Higgs Boson

The Higgs can decay to several channels (Fig. 1.8). The Higgs coupling to vector bosons and

fermions are proportional to the masses of the particles. It can decay to gg and γγ via a top loop.

It also can directly decay to qq̄, like tt̄ (high Higgs mass region), bb̄ (low Higgs mass region). The

Higgs to WW and ZZ channels are very important for the Higgs search at intermediate and high

Higgs mass region 1.9.
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1.3.3 Phenomenology of pp Collisions

The initial states of all the Higgs production processes in hadron collider are quarks or gluons. In

order to calculate the cross section of physics processes in pp collision, one need parton model to

give prediction because no partons can be observed in the experiment. The point of parton model

is to connect the σHadron with σParton. That certainly makes the Standard Model so useful that

it can predict the kinematics of your Higgs production, but also describe the kinematics of your

background processes, which may be more useful sometimes. The cross section in hadron level

can be written as

σHadron =
∫

dx1

∫
dx2 f1(x1,Q2) f2(x2,Q2) σ̂(x1p,x2p,Q2), (1.42)

where f1 and f2 are the parton distribution functions (PDF) at scale Q2, x1 and x2 are the momentum

fractions of partons within the hadron, p is the momentum of hadron. This is so called factorization

theorem. The σ̂ is the cross section of parton level which can be calculated by perturbation theory

due to the short distance property. Because PDFs are soft-interactions, they can not be calculated.

But they can be measured in data at scale Q0 and can be applied to another process with scale

Q1 [23].

Theoretical calculation based on parton model can only go to several final partons with Lead-

ing Order (LO). But in experiment, the final jet multiplicity can be very large due to final state

radiation (FSR). And one also has to take into account initial state radiation (ISR). A model called

parton shower will help solve this problem at some level. The advantage of this model is it can

be implemented as computer algorithm using Monte Carlo (MC) technique. Fig. 1.10 shows the

model of pp collisions. After parton shower, the partons will become to color-singlet hadrons with

hadronization, which can be modeled by phenomenological models like Lund string model [9].

Another non-perturbative effects in pp collisions is underling event, which is the interaction be-

tween the soft-partons in addition to the hard process in hadron collider. The underling event can
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Figure 1.10 The model of pp collision [9].

be modeled by MC generators and can be turned to the data.



Chapter 2

The LHC and ATLAS Detector

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a proton-proton (also lead-lead) collider machine which lo-

cates at the border between Switzerland and France [24]. The machine was built in LEP 27 km

tunnel which is 50-100 m underground. The LHC started to be operational at fall 2009 with 900

GeV center-of-mass energy. From March 30th 2010, LHC is running with center-of-mass energy 7

TeV. The center-of-mass energy of LHC is already about 3.7 times larger than the Tevatron, which

was closed on October 5, 2011.

The reason to build a proton-proton collider is that the anti-protons are difficulty to create.

Anti-protons can be produced by lots of protons colliding with fixed targets. In order to get high

luminosity, lots of anti-protons have to be made in short time. The advantage of pp̄ collider is that

it can use the same magnetic channel.

In LHC, two protons beams run in opposite directions which needs two opposite sign magnetic

fields to bend them. The beams can be brought to several crossing points as shown in Fig. 2.1. To

bend the two beams in the circle, 1232 dipole magnets (14.3 m for each) with a field strength 8.3 T

18
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Figure 2.1 The LHC layout.

are used. The magnets are cooled to 1.9 K to reach super conductivity. Because there is no enough

space for two cryostat systems in the tunnel, one cryostat system is used.

The beams start form ionized hydrogen. The protons and electrons can be separated by elec-

tromagnetic fields. Then the protons are accelerated to 50 MeV in the liner particle accelerator.

The next accelerators are Booster for 1.4 GeV, Proton Synchrotron for 26 GeV, Super Proton Syn-

chrotron for 450 GeV. After that, the protons will be injected into LHC. The protons are grouped

into bunches with a bunch spacing 25 ns. The LHC is designed to fill 2880 bunches with 1.1× 1011

protons in each bunch. The instantaneous luminosity can be calculated from machine parameters.

L =
N2

b ·nb · f · γ ·F
4π · ε ·β ∗

, (2.1)

where Nb is then number of particles in one bunch, nb is the number of bunches, f is the revolution

frequency, γ is the relativistic gamma factor, ε is the normalized transverse beam emittance, β ∗ is
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Figure 2.2 The ATLAS detector.

the beta function at the collision point and F is the geometric luminosity reduction factor. More

information about luminosity parameters can be found in Ref. [25].

2.2 The ATLAS Detector

The high energy and luminosity of the LHC provides good opportunities for almost all the physics

channels from Standard Model precise measurement to new physics search like Higgs, SUSY

searches. The design of the ATLAS (A Toroidal LHC ApparatuS) detector [26, 27] has been

driven by the physics need, especially the understanding of the electroweak theory in Standard

Model.

Higgs can decay to various channels, like γγ , WW , ZZ, ττ and bb̄. In order to cover all the

channels and mass points, ATLAS detector has to reach high resolution for electrons, muons,
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photons, excellent secondary primary vertex reconstruction for b-jet tagging, good reconstruction

for τ leptons and high resolution for missing transverse energy and jets. All the objects can be

used for other measurements and searches, like SUSY searches and SM measurements.

A robust trigger system has to be designed to be able to select rare interesting physics events

within 25 ns. And each bunch crossing has about 23 interactions.

2.2.1 Coordinate System

ALTAS is using a right-handed x, y and z coordinate system. The origin of the coordinate is the

interaction point. The direction of x is defined as starting from the interaction to the center of the

LHC ring. The positive y is pointing upwards. The z-axis is defined by the beam direction. The

azimuthal angle φ is measured around the beam axis. The polar angle θ is the angle from the beam

axis. The rapidity variable is very important in HEP,

y =
1
2

ln
E− pz

E + pz
, (2.2)

For the low mass particle, it can be simplified as pseudo-rapidity,

η = − ln tan
θ

2
. (2.3)

In order to describe the distance between two objects in η-φ space, ∆R is defined as,

∆R =
√

(∆η)2 +(∆φ)2. (2.4)

Another important variable in hadron collider is missing transverse energy (Emiss
T ) which is defined

as,

Emiss
x = − ∑

particles
Ex,

Emiss
y = − ∑

particles
Ey,

Emiss
T ≡

√
(Emiss

x )2 +(Emiss
y )2. (2.5)
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Figure 2.3 Geometry of magnet system.

2.2.2 Magnet System

ATLAS needs magnetic field to bend the charge particles to measure their momenta. In order to

increase the resolution of high pT particles, a strong magnet field is essential. The magnetic system

of ATLAS is a superconducing magnet system which is 22 m in diameter and 26 m long with a

stored energy of 1.6 GJ. The geometry of the magnet system is displayed in Fig. 2.3 with a central

solenoid and toroid coils.

The central solenoid is designed to provide a 2 T axial field for the inner detector along the beam

axis direction. It is operated at 7.7 kA nominal operational current with a temperature of 4.5 K.

Since the solenoid is between the inner detector and LAr calorimeter, the thickness of the solenoid

material should be kept as low as possible to allow a precise energy measurement of particles in

calorimeter. Therefore, the solenoid windings and LAr calorimeter share a common vaccum vessel

which will eliminate two vacuum walls. The inner and outer diameters of the solenoid are 2.46 m

and 2.56 m and the axial length is 5.8 m. The mass of coil is 5.4 tons with stored energy 40 MJ.

In the case of quench, the amount of energy can be absorbed by the enthalpy of the cold mass by

increasing the temperature to a safe value of 120 K.
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Figure 2.4 Cut-away view of the ATLAS Inner Detector.

The magnetic field for the muon spectrometer is provided by a barrel toroid and two end-cap

toriods Fig. 2.3. They will produce a toroidal magnetic field of 0.5 T and 1 T for the muon detectors

in the central and end-cap regions. All the toriods consist of eight coils with a nominal operational

current of 20.5 kA. The normal temperature is 4.6 K. The barrel toroid is 25.3 m in length with

inner and outer diameters of 9.4 m and 20.1 m. The quench detection system can absorb the 1.1 GJ

stored energy which leads to a very safe global cold mass temperature of about 58 K.

2.2.3 The Inner Detector

At the LHC design luminosity of 1034 cm−1s−1, about 1000 tracks will emerge from the collision

point every 25 ns within |η | < 2.5. To provide precise momentum measurement and accurate

secondary vertices reconstruction, fast and high granular detectors are used. This is achieved by

pixel and silicons (SCT) trackers which are surrounded by the Transition Radiation Tracker (TRT)

as shown in Fig. 2.4.

The Inner Detector (ID) is immersed in a 2 T magnetic field provided by central solenoid. The
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silicon pixel detectors, the innermost part, provide the highest granularity around the vertex region.

The pixel layers are segmented in R− φ and z. The intrinsic accuracies are 10 µm (R− φ ) and

115 µm (z) both in barrel region and in disks . The total number of readout channels in pixel

detector is 80.4 million. The SCT has eight strip layers for each track. In each layer, one set of

strips are parallel to the beam direction and another set of strips have a small angle (40 mrad) with

the first set of strips to measure both coordinates. The intrinsic accuracies are 17 mum (R− φ )

and 580 µm (z) in barrel region and in disks. The SCT has about 6.3 million readout channels.

The TRT consists of 4 mm diameter straw tubes which only provides R− φ information within

|η | < 2.0. The straws in the barrel region are parallel to the beam axis and 114 cm long. In the

end-cap region, the straws are 37 cm long and arranged radially in the wheels. The total number

of TRT readout channels is about 351,000.

The R coverage of precision trackers (pixel and SCT) is 45.5 < R < 560 mm. The TRT covers

region 554 < R < 1082 mm. Although TRT has low precision compared with pixel and SCT, it

is compensated by the large R coverage and longer measured track length. The xenon-based gas

mixture of the straw tubes can enhance the electron identification capabilities by measuring the

transition-radiation photons.

2.2.4 Calorimeter

The calorimeter detector has electromagnetic (EM) calorimeter inside and hadron calorimeter out-

side. It can cover the range |η | < 4.9 with different techniques. The samplings of calorimeter

are shown in Fig. 2.5. Calorimeters have to provide good measurement for electromagnetic and

hadronic showers, and have to limit the punch-through into the muon system. Therefore, the to-

tal thickness has to be sufficient to reduce the punch-through. The EM calorimeter provides 9.7

interaction lengths (λ ) in barrel, and outer support provides 1.3 λ .
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Figure 2.5 Cut-away view of the ATLAS calorimeter system.

LAr EM Calorimeter

The EM calorimeter is the first detector where particles enter after exit from inner detector. The

EM calorimeter has barrel part (|η |< 1.475) and end-cap part (1.375 < |η |< 3.2). Both of them

are using lead-liquid-argon layers for detection. In the longitudinal direction, the EM calorimeter

has four layers which are presampler, η-strip, EM-Middle and EM-Back layers. The presampler

can be used to recover the energy lost in the material upstreams. The η-strip has fine granularity

in η direction which is very sensitive to the eletromagnetic shower shape. It not only can separate

electrons and photons from hadronic showers but also resolve the two close-by photons from π0

decay. The EM-Middle layer provides good granularity both in η and φ . It is the thickest part of

EM calorimeter which has about 16 radiation length (X0). The outmost part of EM calorimeter is

EM-Back which completes the EM system.

The EM calorimeter has an accordion geometry for absorbers and the electrodes in barrel and

end-cap. This structure offers a naturally full φ coverage without any cracks. Fig. 2.6 shows the
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geometry of barrel module.

LAr Readout

The electrodes of LAr calorimeter are grouped to readout cells. The cell signals are read out

through 1524 Front-End Boards (FEBs) with 128 channels each. The FEBs perform analog pro-

cessing including amplification and shaping except for HEC. Then it stores the signal and is waiting

for the L1 trigger decision. FEBs are using optical fibers to transmit digitized signals to Readout

Drivers (RODs). Fig. 2.7 shows the ADC counts in the function of time.
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Figure 2.7 Ionization pulse shape in EM-Middle layer.

Hadronic Calorimeter

The hadronic calorimeter is placed outside the EM calorimeter. At the barrel region, tile calorime-

ter is used with barrel (|η | < 1.0) region and two extended barrels (0.8 < |η | < 1.7). It is a sam-

pling calorimeter using steel as the absorber and scintillating tiles as the active material. The LAr

hadronic end-cap calorimeter (HEC) locates behind the end-cap EM calorimeter directly with η

range 1.5 < |η |< 3.2 . It is using LAr as the active medium. Forward calorimeter (FCAL) covers

the range 3.1 < |η |< 4.9. The fine segmentation of FCAl allows for forward jets reconstruction.

2.2.5 Muon Detector

The layout of muon detector, which is the outermost detector, is show in Fig. 2.8. The muon detec-

tors provide muon momentum measurement by the magnetic deflection of muon tracks. Monitored

Drift Tube (MDT) chambers and Cathode Strip Chambers (CSC) are the used to measure muon

momenta in barrel and end-cap region. Resistive Plate Chambers (RPC) in the barrel region and

Thin Gap Chambers (TGC) in the end-cap region are the dedicated trigger chambers. The cross-
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Figure 2.8 Cut-away view of the ATLAS muon system.

Figure 2.9 Cross-section of the muon system in a plane containing the beam axis (bending
plane).

section of the muon system is shown in Fig. 2.9.
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Tracking Chambers

The muon momentum can be measured by MDT and CSC chambers. The MDT chambers cover

the the region |η |< 2.7, except for the innermost layer where the CSC covers 2 < |η |< 2.7. The

CSCs are multi-wire proportional chambers with a cathode strip readout. The 1088 MDT chambers

with a total area of 5500 m2 provide the main muon tracking momentum measurement. The first

letter (B and E) of the MDT chamber name refers to barrel and end-cap. The second and third

letters refer to layer ( inner, middle and outer) and sector (large and small) types ( see Fig. 2.9).

Trigger Chambers

The trigger chambers of muon system provide fast information on muon tracks to allow L1 trigger

logic within |η |< 2.4. They also identify different bunch-crossing and bend the muon tracks which

cannot be provided by MDT chambers. The muon momentum as a given pT is increasing at high η ,

which poses a challenge to the design of the trigger system. Furthermore, the end-cap region has a

10 times higher radiation level than central region. RPCs are used in barrel region (|η |< 1.05) and

TGCs are used in end-cap regions (1.05 < |η |< 2.4). TGCs are multi-wire proportional chambers

which can provide good time resolution and high rate capability. In previous experiments, TGCs

demonstrated a high level of reliability.

2.2.6 Trigger System

The designed bunch-crossing rate of LHC is 40 MHz. Every bunch-crossing will have about 25

interactions which will lead the total interaction rate to about 1 GHz. Not all the events can be

recorded. The cross sectons for various channels are shown in Fig. 2.10. The interaction rate

for interesting events (like Higgs) is very small compared with QCD processes. A trigger system

has to be designed to reduce the rate. ATLAS trigger system has three levels: L1, L2 and event

filter. The L1 trigger is based on hardware including the information from calorimeter and muon
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Figure 2.10 QCD predictions for hard-scattering cross sections [10].
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Figure 2.11 Schematic diagram of the ATLAS trigger system.

detector with a latency less than 2 µs. The calorimeter provides the L1 trigger information by

trigger towers with a reduced granularity of ∆η×∆φ = 0.1×0.1. The muon detector gives muon

trigger information. The L1 trigger reduces the event rate to 75 kHz. The area of these objects are

called a region of interest (ROI) which will be passed to L2 trigger. The L2 trigger is only looking

at the ROIs provided by L1 trigger. It can use full calorimeter and muon detector granularity. The

track information from inner detector becomes available in this level. The event rate is reduced to

about 1 kHz by L2. The event filter trigger will fully reconstruct the events accepted by L2 trigger

(not only ROIs). The reconstruction in this stage is very similar with offline reconstruction with a

final event rate about 100 Hz. All the events accepted by the three trigger systems will be save into

storage system as raw data. Fig. 2.11 shows the schematic overview for trigger system.



Chapter 3

Jet Performance and Measurement

The jet reconstruction performance is very important for almost all the physics analyses in ATLAS.

Jets plays an important role in the tt̄ cross section measurement, SUSY and Higgs boson searches.

Jet measurements can also be used as a calibration method for the detector especially at early

stages of LHC running. Jet algorithm and reconstruction method will be discussed at Section 3.1.

Section 3.2 will be used to describe jet calibration and η intercalibration will be discussed at

Section 3.3. Section 3.4 will show the results of inclusive jet cross section measurement. Finally,

di-jet resonance search will be shown in Section 3.5.

3.1 Jet Algorithms

The jet finder algorithms in hadron collider should provide a fast and reliable jet reconstruction for

different physics objects, like calorimeter towers, topological clusters, tracks and generator level

particles.

32
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3.1.1 Guidelines for Jet Algorithms

The jet algorithms have to satisfy several guidelines.

Theoretical guidelines :

• Infrared safety: The additional soft particles should not affect the jets reconstruction.

• Collinear safety: If a particle is split to two particles in almost the same direction, the jet

reconstruction should not change.

If the guidelines are violated, the QCD NLO calculation would diverge.

Experimental guidelines :

• Detector resolution: The finite detector spatial and energy resolution should not affect the

jet reconstruction significantly.

• Detector environment: The electronics noise, dead detector channels and cracks should not

change jet reconstruction significantly.

• Speed: The jet algorithm has to be fast enough in terms of CPU consumption. The number

of jets in a event will be typically 10 to 20 due to the high pile-up environment in LHC.

3.1.2 Anti-kt Algorithm

In ATLAS, jets are typically reconstructed using anti-kt algorithm [28] with distance parameters

R = 0.4 or 0.6. The input objects to the algorithm can be generator level objects or detector level

objects. The relative transverse momentum squared are defined as:

di j = min(
1
k2

ti
,

1
k2

t j
)

∆R2
i j

R2 , diB =
1
k2

ti
, (3.1)

where ∆R2
i j = ∆η2

i j +∆φ 2
i j. R is a distance parameter.

The algorithm is,
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• Calculating all the di j and diB for all the input objects.

• If the smallest value is di j, combining the object i and j to new object k. The objects i and j

are removed from the list of objects.

• If the smallest value is diB, the object i is considered to be a jet and has to be removed from

the list.

If the parameter R is larger, the value of di j is smaller. Then more merging is done in a jet.

That is why R can be used to control the size of jet.

3.2 Jet Calibration and Topocluster Jets

Jet calibration and jet energy scale (JES) measurement are described in [29].

3.2.1 Topocluster

The input to the jet reconstruction is topological clusters in calorimeters. A topocluster is three-

dimensional energy deposition which comes from a particle entering the calorimeter. The cluster-

ing will start if the signal significance of the seed cells, Γ ≡ Ecell/σnoise,cell, is bigger than 4. The

clustering will include neighboring cells if the Γ > 2. Finally it will include a last layer of cells if

the Γ > 0 ( Fig. 3.1 ). The topoclustering algorithm also includes a splitting step. It will search for

local maximum in all cells in a topocluster. If a local maximum is found, it will be used as seed

for a new iteration and the original cluster will be split into more topoclusters. The total energy of

a topocluster will be the energy sum of the all the cells in that cluster. The mass of the topocluster

is zero. The direction of the topocluster is a unit vector originating from the center of the ATLAS

coordinate system pointing to the energy-weighted topocluster barycenter.
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3.2.2 Jet Calibration

The particles in the calorimeter will produce electromagnetic showers which can be measured at

electromagnetic energy scale (EM scale). The EM scale calibration is obtained from test-beam

electron measurement. Muons are used to validate calorimeter response to the electromagnetic

energy deposition in hadronic calorimeters. Invariant mass of Z→ ee events in collision data are

used to correct the electromagnetic energy scale in the calorimeters.

The jet energy scale calibration is supposed to restore the hadronic energy of the jet. The

calibration constants are derived from the comparison between reconstructed level jets and truth

level jets using Monte Carlo. The jet calibration takes into account several detector effects in the

jet energy scale :

1. Calorimeter non-compensation (calorimeter can only measure part of the energy deposited

by hadrons) due to the energy needed to break the absorber nuclei and the presence of muons

and neutrinos in the shower.

2. Dead material effects (non-operational parts of the detector).

3. The energy of jet escaping the calorimeter (leakage).

4. Signal losses in the jet reconstruction.

5. Some particles from truth jets are not included in jet reconstruction.

Hadronic jet energy scale is obtained using the "EM+JES" calibration method. This method derives

the calibration factors in bins of pT and η using a inclusive jet Monte Carlo sample generated with

PYTHIA [30]. The detector simulation in ATLAS is done by GEANT4 software [31]. The signal

simulated by GEANT4 will be reconstructed by the ATLAS reconstruction software, which is also

used to reconstruct real data events.
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Figure 3.1 Illustration of the topocluster reconstruction. Note that only two dimensions
(η ,φ ) are used. The numbers denote of Γ for cells in the (η ,φ ) space.

Fig. 3.2 shows the jet kinematics distributions in data and MC. Both of them are normalized to

unit area. The data/MC agreement for the jet pT distribution is fine although data is harder than

MC. One event containing a jet with pT bigger than 1 TeV is already observed with integrated

luminosity 296 nb−1. The data/MC agreement for jet multiplicity is good even PYTHIA is used.

3.2.3 Pile-up Correction

One feature of the LHC is its high instantaneous luminosity which will lead to multiple proton-

proton collisions per bunch crossing. That is called pile-up effect. The energy of jet can include the

contribution from another proton-proton collisions which are not the event of interest. The pile-up

correction in ATLAS is in function of number of reconstructed primary vertices (NPV ) and the jet

pseudo-rapidity (η). It takes into account the additional energy deposited in a grid of 0.1× 0.1

in the (η ,φ ) plane and the average number of towers in a jet. In the first step of calibration, the

pile-up correction will be applied.
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Figure 3.2 Jet kinematics distributions in data and Monte Carlo. Left column is from
anti-kt R=0.4 jet. Right column is from anti-kt R=0.6 jet. Data and Monte Carlo are
normalized to unit area.
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3.2.4 Jet Origin Correction

As mentioned above, the default direction of topoclusters is obtained using geometrical center of

ATLAS detector as reference point. The jet origin correction will correct each topocluster so that

it points back to the primary vertex with the highest associated sum of tracks transverse momenta

squared in the event. The new direction of topocluster is obtained using the direction from primary

vertex to the topocluster centroid. The new jet four momentum is the vector sum of topocluster

four momentum. The angular resolution is improved by this correction.

3.2.5 Final Jet Energy Correction

The last step of the EM+JES calibration is to correct the detector level jet to the truth level jet.

The calibration constants are derived from isolated calorimeter jets. The definition of isolated jet

is that a jet has no other calorimeter (truth) jet with EM-scale (truth) pT bigger than 7 GeV within

∆R=2.5R, where R is the distance parameter of jet algorithm. Afterwards, the matching between

calorimeter jet and truth jet is done by requiring ∆R < 0.3. The EM-scale jet energy response

R = EEM
calo/Etruth for each calorimeter-truth jet pair is measured in bins of the truth jet energy Etruth

and calorimeter ηdet , which is the original reconstructed jet before jet origin correction. For each

(Etruth, ηdet) bin, the measured EM-scale energy response < R > is defined as the peak position

of a Gaussian fit to the EEM
calo/Etruth distribution and the average calorimeter jet energy < EEM

calo > is

determined. Jet response function, Fcalib,k(EEM
calo), is obtained by a fit of < EEM

calo > j and < R > j

for each Etruth bin j. The fitting function is defined as,

Fcalib,k(EEM
calo) =

Nmax

∑
i=0

ai(lnEEM
calo)

i, (3.2)

where ai are free parameters and Nmax is chosen between 1 and 6 depending on the goodness of

the fit. The final jet energy scale correction is,

EEM+JES
calo =

EEM
calo

Fcalib,k(EEM
calo)|ηdet

. (3.3)
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After all these corrections, a final jet η correction is done which is supposed to fix biases in

the jet direction due to the poorly instrumented regions of calorimeters. That is because the energy

response in those regions are lower. The direction of jet is biased towards the better calorimeter

regions. The correction will be large in transition regions. But for most regions, it is very small

(∆η < 0.01).

3.3 In-situ η Intercalibration

The response of ATLAS detector varies in different η regions due to the different calorimeter

materials and technologies used. Fig. 3.3 shows the jet response in different η regions in jet pT

bins. The jet response in transition region (1.37 < |η | < 1.52) is very low compared with other

regions. The di-jet pT balance can be used to calibrate the detector response in forward region.

3.3.1 Intercalibration Method

The relative calorimeter response can be quantified using the pT balance of the reference jet and

probe jet. The asymmetry A is defined as,

A =
pprobe

T − pref
T

pavg
T

, (3.4)

where pavg
T = (pprobe

T + pref
T )/2. The reference region is defined as 0.1 < |η | < 0.6.The region at

|η |< 0.1 is excluded due to small inhomogeneity of the joint point of the two sides of barrel. The

probe region is defined as |η |> 0.6. As shown in Fig. 3.4, the asymmetry A can be used to derive

the calibration factor c of the probe jet using the relation,

pprobe
T

pref
T

=
2+A
2−A

= 1/c. (3.5)
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The analysis is done in bins of jet η and pavg
T . Aik is the asymmetry for probe jet η bin i and pavg

T

bin k. The calibration factor in bin ik can be obtained by,

cik =
2−< Aik >

2+ < Aik >
, (3.6)

where < Aik > is the mean value of A in each bin.

3.3.2 Selection and Results

The following selection cuts are used in the analysis :

• Trigger : For jet with 50 < pT < 80 GeV, level one central jet trigger with pT > 5 GeV at

electromagnetic scale or level one forward jet trigger with pT > 5 GeV at electromagnetic

scale is fired. For jet with pT > 80 GeV, the pT threshold for central jet trigger and forward

trigger is 15 GeV at electromagnetic scale.

• Exactly one good primary vertex in the event. A vertex is defined as good vertex if it has

at least 5 associated tracks and the absolute value of z-coordinate of that vertex is less than

150 mm. The cut is used to reject cosmic and non-collision background.

• ∆φ(jetprobe, jetref) > 2.6. If there are more than two jets in the event, pthird jet
T < 0.25× pavg

T .

The cuts have to minimize the effects of third jet radiation which will break the di-jet balance. The

last cut is used to select good di-jet events.

The relative jet response can be biased by the dead optical transmitters (OTx) module regions

as shown in Table 3.1. Those regions have to be removed from the analysis. Fig. 3.5 shows the

di-jet relative response without optical transmitters removal and Fig. 3.6 shows the di-jet relative

response after removing dead optical transmitters regions. From the plots, one can see the dead

optical transmitters do have some effects on the relative response. In the central region, the relative

response is almost flat. But in forward region, the relative response has a large uncertainty.
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EtaMin EtaMax PhiMin PhiMax

-2.7 -2.3 -2.55 -1.4

-2.4 -2.2 -1.2 -0.6

-2.3 -2.1 -0.2 0.05

-2.2 -1.6 1.3 2.2

-1.5 -1.3 -1.8 -1.2

-0.9 -0.3 2.3 3.0

-0.4 0.2 0.5 0.9

-0.2 0.1 -1.8 -1.2

-0.2 0.1 2.5 3.1

0.2 0.4 1.0 1.5

1.1 1.4 2.1 2.9

1.3 1.5 0.3 0.6

1.9 2.3 -1.4 -0.6

2.2 2.4 -2.5 -1.8

2.0 2.6 2.5 3.2

2.0 2.6 -3.2 -2.7

Table 3.1 Dead optical transmitters regions in calorimeter.
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Figure 3.5 Relative response before optical transmitters correction for anti-kt R=0.6
topocluster jets.
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Figure 3.6 Relative response after optical transmitters correction (Table 3.1) for anti-kt
R=0.6 topocluster jets.

3.4 Measurement of Inclusive Jet Cross Section

The inclusive jet cross section is measured with proton-proton collisions at a center-of-mass energy
√

s = 7 TeV at a function of jet pT and η . The data corresponds an intergrated luminosity of 17

nb−1. The jet pT spectrum is unfolded to physics jet level to compare with theoretical predictions.

The theoretical predictions used in this analysis are given by NLOJET++ [32]. The unfolding is

done using a bin-by-bin unfolding method. The unfolding factors are evaluated using Monte Carlo

sample as show in Fig. 3.7. The systematic uncertainty on the unfolding factors includes jet energy

scale and jet energy resolution. The final results on the jet cross section are shown in Fig. 3.8.

The measured jet cross sections are compared to NLO perturbative QCD calculations. The

uncertainties from the NLO calculation are including PDF uncertainties, factorization and normal-

ization scales and strong coupling constant αS. The NLO calculations can only give parton level
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cross sections. In order to have particle level jet cross section predictions, the ratio of the cross sec-

tions with and without hadronization and underlying events given by a leading-logarithmic parton

shower generator, can be used to correct these effects.

The systematics for this measurement include luminosity uncertainty, unfolding uncertainty

and jet energy scale uncertainty. The luminosity uncertainty is about 11%. The uncertainly due to

jet energy scale is the dominant systematics (about 30% to 40%). The unfolding uncertainty comes

mostly from the jet energy resolution and the unfolding method.

A Singular Value Decomposition (SVD) unfolding method is described in Appendix A.

3.5 Di-Jet Resonance Search

There are several extentions beyond the Standard Model which predicts new particles with heavy

mass. The heavy new particles may decay to two high pT jets. The background to this new signal

is only QCD di-jet events which can be predicted by Standard Model. The observation of any

enhancement in the di-jet invariant mass spectrum would be a hint to the new physics.

ATLAS has already published an excited quark q∗ analysis [33, 34]. Many colored resonance

models have been overviewed by [35], in which both q∗ resonance and color-octet scalars are

introduced. Color-octet scalars were not included by ATLAS Monte Carlo production before. That

is one of the reasons why it is interesting to implement the color-octet scalars analysis in ATLAS.

The first step is to implement the color-octet Monte Carlo in ATLAS computing framework.

The procedure to include color-octet model is illustrated in Fig. 3.9. The Les Houches Events

file (LHE) files are provided by the authors [35]. MADGRAPH 5 [36] is used to generate the parton

level events at leading-order approximation. PYTHIA with CTEQ6L1 PDF is used in the event

generation using ATLAS MC09 [37] tune. The events are processed by detector simulation with

GEANT4 [31].
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Figure 3.7 Distributions of the jet pT in detector level and generator level in Monte Carlo
sample for different rapidity bins. The ratio shown at the bottom of each plot represents
the bin-by-bin unfolding factors.
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Figure 3.8 Final results for inclusive jet cross section measurement as a function jet pT
and η using integrated luminosity 16.59 nb−1 in

√
s = 7 TeV proton-proton collisions.
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PYTHIA

parton shower

hadronization

Detector

Simulation
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Figure 3.9 Generation of octet scalar Monte Carlo. Note that UFO stands for Universal
FeynRules Output and LHE stands for Les Houches Events file.

q∗ Mq∗ = 1TeV Λq∗ = 2TeV 0.156 nb MC10 PYTHIA

New q∗ Mq∗ = 1TeV Λq∗ = 2TeV 0.153 nb MadGraph 5

q∗ Mq∗ = 1.5TeV Λq∗ = 3TeV 0.0118 nb MC10 PYTHIA

New q∗ Mq∗ = 1.5TeV Λq∗ = 3TeV 0.0120 nb MadGraph 5

q∗ Mq∗ = 2TeV Λq∗ = 4TeV 0.00127 nb MC10 PYTHIA

New q∗ Mq∗ = 2TeV Λq∗ = 4TeV 0.00136 nb MadGraph 5

Table 3.2 Cross section comparison for the two q∗ approaches.

3.5.1 Validation

The procedure described in Fig. 3.9 is technically complicated and a very detailed and robust vali-

dation procedure is of extreme importance. Since the q∗ model is already implemented in ATLAS

computing framework, one way to perform validation is to produce q∗ Monte Carlo samples using

the procedure in Fig. 3.9. The Lagrangian for q∗ is,

LqgF =
gs

Λ
FA,µν

[
ūK̄ND,A(λU

L PL +λ
U
R PR)σµνu∗ND

+d̄K̄ND,A(λ D
L PL +λ

D
R PR)σµνd∗ND

]
+h.c., (3.7)
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where Λ is the new physics scale, gs is the strong coupling, FA,µν is the gluon field strength tensor

with the adjoint color index A = 1, ...,8, K̄A are 3×ND matrices of Clebsch-Gordan coefficients

connecting the color indices of the different representations. The new physics scale Λ is at least

Mq∗j or higher. In a strongly interacting theory, we expect that the strength of the couplings λU
L,R and

λ D
L,R should be typically of the order of unity. The cross sections for different mass points are list

in Table 3.2. There is a small difference due to the different PDFs used in the generator because

ATLAS q∗ is using PYTHIA with MRST PDF while MADGRAPH is using CTEQ6L1 PDF. The

Table 3.2 provides good validation for the Monte Carlo generation procedure.

In order to validate the kinematics of new Monte Carlo generation, the kinematics distribu-

tions from ATLAS q∗ MC samples and new generation are overlaid in Fig. 3.10 with very good

agreement.

3.5.2 Color-octet Scalars

A color-octet scalar can be produced via gluon-gluon initial states. Since the parton luminosity for

gluon is very large at LHC, the color-octet scalar can have a very high cross section. One possible

interaction is

Lgg8 = gsdABC κS

ΛS
SA

8 FB
µνFC,µν , (3.8)

where S8 is a scalar octet. The couplings κS is assumed to be of the order of unity. ΛS is defined as

the mass of resonance. The Feynman diagrams of s8 production are shown in Fig. 3.11. The cross

sections for different mass points are shown in Table 3.3. Compared with the q∗ cross section, the

cross section of octet scalar is only a factor of 2 smaller.

The generator level kinematics distributions from q∗ and color-octet scalar are overlaid in

Fig. 3.12. The di-jet invariant mass (M j j) distributions are quite different between q∗ and color-

octet scalar which has a wider M j j distribution. The pT distribution for color-octet scalar is more

smooth compared with q∗. The jet multiplicity distribution is also very interesting because the
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Figure 3.10 Validation plots for excited quark q∗ samples with MADGRAPH and with
PYTHIA.
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Figure 3.11 Feynman disgrams for color-octet scalars.

Mass [TeV] Width [GeV] σ (s8) [pb] σ (q∗) [pb]

1.0 157.0 83.796 156.0

1.3 197.9 12.28 -

1.5 224.8 3.918 11.8

1.7 251.3 1.35 -

2.0 290.5 0.306 1.27

2.5 354.8 0.032446 -

3.0 417.8 0.44656E-02 -

3.5 479.9 0.82653E-03 -

4.0 541.2 0.20851E-03 -

Table 3.3 Cross section of color-octet scalars and excited quark in
√

s = 7 TeV proton-
proton collisions.
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Figure 3.12 Generator level kinematics distributions for color-octet scalars.
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color-octet scalar will decay to two gluons. Therefore, the final jet multiplicity is typically larger

than q∗. That means the color-octet scalar event will tend to have more jets in the final states.

3.5.3 Results for Color-octet Scalar Resonance

The color-octet scalar resonance search in ATLAS has been published recently [12]. The exclusion

limits on color-octet scalar have been established for the first time in ATLAS. The observed limit

for color-octet scalar is 1.92 TeV with 1 fb−1 data (Fig. 3.5.3).

Mass [GeV]

1000 2000 3000 4000

  [
pb

]
xA× σ

-210

-110

1

10

210

310
s8
Observed 95% CL upper limit
Expected 95% CL upper limit

68% and 95% bands

ATLAS
-1 = 1.0 fbdt L

  ∫
 = 7 TeVs

Figure 3.13 The 95% CL upper limits on σ ×A as a function of particle mass (black
filled circles). The black dotted curve shows the 95% CL upper limit expected from Monte
Carlo and the light and dark yellow shaded bands represent the 68% and 95% contours
of the expected limit, respectively. Theoretical predictions for σ ×A for colour octet
scalar resonances is in blue dashed line. For a given new physics model, the observed
(expected) limit occurs at the crossing of its σ ×A curve with the observed (expected)
95% CL upper limit curve [12].



Chapter 4

Reconstruction of Objects

Reconstruction of physics objects is critical for all the analyses performed in ATLAS. The particles

will only leave a limited amount of information in the detectors. The offline reconstruction soft-

ware will take the raw data from detector and give physics objects information in a short time scale

with high reconstruction efficiency and low fake rate. In this chapter, electrons, muons, missing

transverse energy (MET) and b-jet reconstruction are reviewed. More information can be found in

Ref. [17].

4.1 Electrons

The branching ratio of W boson to electron is about 11% [38]. It is crucial for this analysis to have

a electron reconstruction with good performance in the full detector coverage. The electron recon-

struction in ATLAS is using the combination of inner detector and calorimeter information [39].

The description of the ATLAS inner detector and calorimeter can be found in Sections 2.2.3 and

2.2.4. The electromagnetic (EM) calorimeter has four layers in the longitudinal direction which are

called presample, η-strip, EM-Middle and EM-Back layers. Most of the EM shower energy will

be deposited in the EM-Middle layer. The outmost layer, EM-Back, will be used to correct for very

53
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high energy EM showers. The transition region between the barrel and end-cap EM calorimeters,

which is located at 1.37 < |η |< 1.52, has worse performance compared with other regions. That

is because there are more upstream materials in front of the EM calorimeter in this region. The

inner detector covers the range |η | < 2.5, which provides high precision track measurement for

electron reconstruction.

4.1.1 Electron Reconstruction Algorithm

The electron reconstruction starts with a set of seed clusters in the EM calorimeter. A sliding

window algorithm is used to reconstruct the seed clusters using 3× 5 cells in the EM-Middle

layer (the size of cell is 0.025× 0.025 in η ,φ plane). Seed clusters will be matched to one or

more tracks in inner detector within |η | < 2.5. In order to match the tracks to seed cluster, tracks

are extrapolated from the last measurement point in the inner detector to the EM-Middle layer of

calorimeter.

The matching is done by comparing the distance between tracks impact point and seed clusters

using ∆R =
√

∆η
2 +∆φ

2. If the ∆R of track is below a certain threshold, the track will be consid-

ered. It is possible that more than one track is matched with the seed cluster. In that case, the track

with smallest ∆R is considered as the best match. Due to the photon conversion contamination,

tracks with silicon hits have high priority compared with tracks without silicon hits. Both con-

verted photons and electrons will be kept in the electron container since both of them have tracks

matching with clusters. But the converted photons can be removed by identification quality cuts.

The electromagnetic clusters will be recalculated using a 3×7 sliding window in EM-Middle

layer in barrel region. In end-cap region, a 5× 5 sliding window is used. The energy of electron

is computed as a weighted average between the cluster energy and track momentum. The η , φ

coordinates of the electron are computed using the information from tracks unless tracks have no

silicon hits, in which case the η of the cluster is used.
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4.1.2 Electron Identification and Efficiency

The electron identification can provide good separation between isolated electrons and fake elec-

trons candidates using different identification (ID) variables which includes both calorimeter and

tracker information. Three different sets of cuts are defined as shown in Table 4.1.

• The loose selection uses only calorimeter information. Shower shape variables from the

second layer of EM calorimeter and the energy leakage into hadronic calorimeter are used

in the selection.

• The medium selection uses a tighter track cluster matching, track quality and additional

constraints on the shower shape information in the strip layer.

• The tight selection adds E/p, TRT information and b-layer hit requirements. The last cut is

meant to reject converted photons.

The efficiency of electron ID is measured with the tag-and-probe method with W , Z and J/ψ as

shown in Fig. 4.1. More detail about tag-and-probe method can be found in Ref. [1]. The difference

in efficiency between data and Monte Carlo has to be corrected to obtain a properly description of

data in physics analysis.

4.2 Muons

4.2.1 Muon Reconstruction

Muons are measured using the Inner Detector (ID) and in the Muon Spectrometer (MS) indepen-

dently [13]. In this analysis, a combined STACO muon reconstruction algorithm is used.

For Stand-alone muon, the muon track is only from MS. For combined (CB) muon, track

reconstruction is performed independently in the ID and MS. The algorithm combines the ID track
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Type Description Name

Loose selection

Acceptance |η |< 2.47

Hadronic leakage Ratio of ET in the first layer of the hadronic calorimeter to ET of Rhad1

the EM cluster (used over the range |η |< 0.8 and |η |> 1.37)

Ratio of ET in the hadronic calorimeter to ET of the EM cluster Rhad

(used over the range |η |> 0.8 and |η |< 1.37)

Middle layer of Ratio of the energy in 3×7 cells over the energy in 7×7 cells Rη

EM calorimeter centred at the electron cluster position

Lateral width of the shower wη2

Medium selection (includes loose)

Strip layer of Total shower width wstot

EM calorimeter Ratio of the energy difference between the largest and second largest Eratio

energy deposits in the cluster over the sum of these energies

Track quality Number of hits in the pixel detector (≥ 1) npixel

Number of total hits in the pixel and SCT detectors (≥ 7) nSi

Transverse impact parameter (|d0|<5 mm) d0

Track–cluster ∆η between the cluster position in the strip layer and the ∆η

matching extrapolated track (|∆η |< 0.01)

Tight selection (includes medium)

Track–cluster ∆φ between the cluster position in the middle layer and the ∆φ

matching extrapolated track (|∆φ |< 0.02)

Ratio of the cluster energy to the track momentum E/p

Tighter ∆η requirement (|∆η |< 0.005) ∆η

Track quality Tighter transverse impact parameter requirement (|d0|<1 mm) d0

TRT Total number of hits in the TRT nTRT

Ratio of the number of high-threshold hits to the total number of fHT

hits in the TRT

Conversions Number of hits in the b-layer (≥ 1) nBL

Veto electron candidates matched to reconstructed photon

conversions

Table 4.1 Definition of variables used for loose, medium and tight electron identification
cuts for the central region of the detector with |η |< 2.47 [1].
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Figure 4.1 Left : Electron reconstruction efficiency in data and Monte Carlo as a function
of η . Right : Electron tight ID efficiency in data and Monte Carlo as a function of η [1].

and MS track to get a final muon track. The CB muons have high purity. But only the track recon-

struction in MS affects the muon reconstruction efficiency. That reconstruction efficiency varies

at different η region. The efficiency in the η ∼ 0 region is lower because that region is only par-

tially covered by muon chambers. The efficiency also drops at the transition region between barrel

and end-caps at |η | ∼ 1.2 due to the limited detector coverage. The final CB muon momentum is

calculated as the weighted average of the ID and MS stand-alone momentum measurements.

4.2.2 Muon Reconstruction Efficiency

The efficiency of the muon reconstruction is measured with the tag-and-probe method. This

method is using Z → µµ sample which can be selected by requiring two opposite charged iso-

lated tracks with a dimuon invariant mass near the mass of Z boson. The CB STACO reconstruction

efficiency is shown in Fig. 4.2.

The measurement of muon momentum resolution in data and MC is presented in Ref. [40].

The difference between data and MC has to be corrected at the analysis level.
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Figure 4.2 Reconstruction efficiencies and scale factors for CB STACO muons for different
muon spectrometer regions [13].

4.3 Missing Transverse Momentum

The measurement of missing transverse momentum (Emiss
T ) is very crucial for many analyses, like

H →WW and H → ττ in Higgs searches. The missing transverse momentum is the momentum

imbalance in the transverse plane with respect to the beam axis. The Emiss
T can come from the

missing momentum from undetected particles, like W → lν events. The fake Emiss
T comes from

detector noise, dead material or mis-reconstruction of leptons or jets.

4.3.1 Emiss
T Reconstruction

According to the different types of Emiss
T definition, the Emiss

T reconstruction [14] can use differ-

ent detectors, like the calorimeter, muon detector and inner detectors. The H →WW analysis is

using MET RefFinal which combines different physics objects. The x and y components of MET

RefFinal is calculated like this:

Emiss
x(y) = Emiss,calo

x(y) +Emiss,µ
x(y) , (4.1)
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where Emiss,calo
x(y) is calorimeter term, Emiss,µ

x(y) is muon term. The magnitude of for Emiss
T is calculated

by:

Emiss
T =

√
(Emiss

x )2 +(Emiss
y )2. (4.2)

The Emiss
T calorimeter terms are calculated from the cells which are associated with any of the

reconstructed physics objects in order of electrons, photons, hadronic τ , jets and muons. The cells

which don’t belong to any of these objects, contribute to the cell out term. Since the cell out term is

very sensitive to the soft interactions in the calorimeter, it’s very important to the Emiss
T resolution.

The Emiss
T calo term is calculated like,

Emiss,calo
x(y) = Emiss,e

x(y) +Emiss,γ
x(y) +Emiss,τ

x(y) +Emiss, jets
x(y) +Emiss,so f t jets

x(y) +Emiss,calo,µ
x(y) +Emiss,CellOut

x(y) , (4.3)

The Emiss
T muon term is calculated from muon objects. For the |η | < 2.5, combined muon is

used to calculate the Emiss
T . In order not to double count the muon energy deposition in calorimeter,

the term Emiss,calo,µ
x(y) is not added to the Emiss

T calo term if the muon is an isolated muon. For the

region 2.5 < |η |< 2.7, only MS muon pT is used.

4.3.2 Emiss
T Objects Selection and Calibration

The selections and calibrations for different terms are following:

• Emiss,e
T is calculated from medium default reconstruction electrons with pT > 10 GeV.

• Emiss,γ
T is calculated from EM scale tight γ with pT > 10 GeV.

• Emiss,τ
T is calculated from tight local hadronic calibrated [41] (LCW) τ with a requirement

pT > 10 GeV.

• Emiss,so f t jets
T is calculated from LCW anti-kt jets (R=0.6) with 7 < pT < 20 GeV.

• Emiss, jets
T is calculated from LCW anti-kt jets (R=0.6) with pT > 20 GeV.
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Figure 4.3 Emiss
T resolution as a function of the total transverse energy in the event which

is calculated by summing the pT of muons and the total calorimeter transverse energy
from

√
s = 7 TeV data [14].

• Emiss,CellOut
T is calculated from topocluster which are not in any physics object. Topoclusters

used in the calculation is using LCW calibration.

4.3.3 Emiss
T Resolution

The Emiss
T resolution can be obtained from Z → ll events in which no real Emiss

T is expected. So

the peak of (Emiss
x , Emiss

y ) distributions should be at zero. The distributions are fitted by a Gaussian

function. The width of the fitted function, σ , will give the value of Emiss
T solution. Fig. 4.3 shows

the Emiss
T resolution for different samples.

4.4 b-jet Tagging

Jets which contains a B meson are known as b-jet. b-jet tagging is very important to the H→WW

analysis because the tt̄ events have to be rejected by tagging b-jets in the top quark decay. The
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most important feature to identify a B meson is the long lifetime of the hadrons containing a b

quark. The average traveling distance in the transverse plane for a 50 GeV b-jet is about 3 mm.

The background processes affecting the the b-tagging can come from long-live particles (Ks, Λ)

decays and material interactions (photon conversions or hadronic interactions).

4.4.1 Track Selection

The track selection of the b-tagging algorithm is designed to reject fake tracks and tracks from

other background processes. The pT of tracks have to be larger than 1 GeV. The track transverse

impact parameter d0 is required to be less than 1 mm. The longitudinal impact parameter z0 sinθ

has to be less than 1.5 mm. d0 is the distance of closest approach of the track to the primary vertex

point in the (r,φ ) projection. z0 is the z coordinate of the track at the point of closest approach in

(r,φ ) projection. Only the tracks with at least seven inner detector hits are selected. At least two

hits are required to be on pixel detector with one of them on the innermost pixel layer.

All the tracks will be associated to jets. The association is done by a ∆R matching between the

jet (η ,φ ) and track (η ,φ ). The ∆R requirement varies for different pT of jet: for p jet
T = 20 GeV,

the ∆R is 0.45; for p jet
T = 150 GeV, the ∆R is 0.25.

4.4.2 b-jet Tagging Algorithms

The IP3D algorithm is a kind of impact parameter-based b-tagging algorithm, which is combing

the impact parameter significances of all the tracks in a jet. It is using the signed transverse impact

parameter significance d0/σ(d0) and the longitudinal impact parameter significance z0/σ(z0) of

track and taking into account the correlations between them. The σ(d0) (σ(z0)) is width of fitted

Gaussian distributions for d0 (z0).

The JetFitter is a inclusive secondary vertex reconstruction algorithm [42]. It exploits the

topology of weak b- and c-hadron decays inside a jet. Fig. 4.4 shows the tagging weight for
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Figure 4.4 Distribution of the tagging rate for the JetFitter tagging algorithm at an oper-
ating point leading to 60% b-jet efficiency [15].

JetFitter.

Since both methods are using a likelihood ratio method, it is very easy to merge the two meth-

ods by summing their weights. The JetFitter+IP3Ds algorithm are combined by using a neural

network technique. More information about high performance b-tagging algorithms in ATLAS can

be found in Ref. [15]. In this analysis, JetFitter+IP3D is used.



Chapter 5

Higgs Boson Search

The search for the Standard Model (SM) Higgs is a major goal of LHC. The Higgs boson is

predicted by Standard Model (SM) to give masses to gauge bosons and fermions. The Higgs

production in hadron collider and decay are reviewed in Chapter. 1. In experiment, the analyses

are usually categorized by the final states. From the branching ratio of SM Higgs in Fig. 1.9, Higgs

to WW process has a large branching ratio in a wide Higgs mass range. The H →WW → lν lν

channel is particularly sensitive in the mass range of 120 < mH < 240 GeV which covers most of

the range preferred by the global electroweak fit.

5.1 Signal Signature

All the SM Higgs production cross sections and branching ratios are taken from Ref. [8]. As shown

in Fig. 1.7, there are ggF (top right), VBF (top left) and Higgs-strahlung (bottom right) processes.

• ggF (gluon gluon fusion, gg→ H) process has the highest cross section because the large

gluon parton luminosity in proton-proton collisions. Next-to-next-to-leading order (NNLO)

QCD calculation has been done for ggF process. The NNLO calculation increases the cross

63
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section by 25% [43]. This process is modeled by POWHEG [44, 45, 46]. The cross section

of ggF process for mH = 125 GeV is 0.35 pb at
√

s = 7 TeV.

• VBF (vector boson fusion, qq′→ qq′H) production process produces two quarks which will

fragment into two jets in the final states. Most of the jets will be in forward region. This

process is modeled by POWHEG. The cross section of VBF process for mH = 125 GeV is

0.03 pb at
√

s = 7 TeV.

• WH/ZH (Higgs-strahlung) processes produce a vector boson in the final states. This process

is modeled by PYTHIA. The cross section of WH (ZH) process for mH = 125 GeV is 0.01

pb (0.01 pb) at
√

s = 7 TeV.

The NLO electroweak radiation correction is applied to ggF, VBF and WH/ZH processes. The

Higgs boson decay branching ratios are calculated with HDECAY [47].

5.1.1 Higgs pT Reweighting

The Higgs pT spectrum of the ggF from POWHEG is reweighted to NLO fixed order calculation

and NNLL resummation using HqT2.0 [48, 49]. The reweighting will change the Higgs pT spec-

trum, leptons pT spectrum and number of jets distributions. So it is very important to apply this

reweighting to get correction theoretical predictions for the Higgs signal kinematics. The truth

Higgs pT distribution and weighted Higgs pT distribution from POWHEG are plotted in Fig. 5.1.

Technically the weights are calculated by the ratio of HqT output and truth Higgs pT spectrum

from Monte Carlo. The HqT package takes the input of MSTW2008nnlo [50] PDF as input.

The systematic uncertainties are obtained by varying PDF error, resummation scale, renormal-

ization scale µR, and factorization scale µF .
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Figure 5.1 Truth Higgs pT distribution and weighted Higgs pT distribution from
POWHEG.

5.1.2 Signal Extraction

The two leptons from the decay of W bosons will have spin correlation. Because the spin of

Higgs boson is zero, the spin orientation of W bosons will be opposite to each other due to angular

conservation. There are three spin configurations for the two W bosons as shown in Fig. 5.2. The

W+ will emit a neutrino opposite to its spin orientation. The W− will emit a anti-neutrino in its

spin orientation. Then the two neutrinos will have the same direction. The same is for the two

leptons, which will make the two leptons fly in the same direction.

Since the two neutrinos can not be captured by detector, the mass of Higgs can not be fully

reconstructed. In order to determine the mass of Higgs, a transverse mass definition has to reflect

the mass of Higgs. One mT definition is proposed in [51]. The mT is defined,

mT =
√

(E ll
T +Eνν

T )2− (pll
x + pνν

x )2− (pll
y + pνν

y )2, (5.1)

where E ll
T is energy of di-lepton system, Eνν

T is the final MET, pll
x (pll

y ) is the x (y) component of
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Figure 5.2 Spin correlation of Higgs to WW signal events.

the di-lepton momentum, pνν
x (pνν

y ) is the x (y) component of the MET.

5.2 Background Processes

Fig. 5.3 shows the SM cross section measurement in ATLAS at
√

s = 7 TeV. Most of H →WW

background processes are in the plot. Most of the background processes have large cross sections.

And the cross section of ggF signal at mH = 125 GeV mass point is only 0.35 pb. If the contam-

ination from background processes, like W + jets or Z + jets, are too large in signal region, the

signal will be washed out. So it’s very important to keep the background under control.

• Standard Model (SM) WW background is the main (irreducible) background for H →WW

analysis. The qq/qg→WW processes are modeled by MC@NLO [52]. gg→WW is a NLO

process, which is simulated by gg2WW [53].

• bt̄ background. For tt̄ events, almost all the Top quark will decay to a W plus a b quark. If
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Figure 5.3 Summary of several Standard Model total production cross section measure-
ments compared to the corresponding theoretical expectations [16].

the two b-jets are misidentified as light jets, tt̄ events will be selected as signal events. tt̄ is

modeled by MC@NLO.

• Single Top. At the Wt channel of single Top process, a event will be treated as a signal event

if the b-jet is misidentified as a light jet. AcerMC [54] is used to simulate the single Top

events.

• Drell-Yan (γ∗,ϒ,Z) background. In principle, Z events will not affect the signal region too

much because the Emiss
T and Z window cut (will be described in Section 5.6.1) will reject

most of the Z events. But the low-mass Drell-Yan (DY) events will pass the final cuts if there

is fake Emiss
T . The fake Emiss

T is very sensitive to the soft interaction in a event, which is pile-

up. So the pile-up description of Monte Carlo events is critical to the fake Emiss
T description.

And that is very important to the DY background rejection. DY background processes are

modeled by ALPGEN [55].

• WZ/ZZ/Wγ/Wγ∗ background. WZ is using MC@NLO. ZZ is modeled by SHERPA [56].
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Figure 5.4 Monte Carlo production processes in ATLAS.

Wγ is very signal like in terms of mT distribution if the γ can fake as an electron. Wγ is

using ALPGEN. Wγ∗ is using MADGRAPH [57].

• W+jets background. If one jet is misidentified as a lepton, the W+jets will pass the selection

cuts. Even the fake factor (Eq. 6.4) is small, the huge cross section of W will lead to non-

negligible W+jets contamination. W+jets is modeled by ALPGEN.

5.3 Detector Simulation and Reconstruction

As shown in Fig. 5.4, the Monte Carlo production in ATLAS has several steps. The first step is

using generators to generate physics events. The format of the output is called Evgen file, which

contains all the particles’ information. The second step is GEANT4 [31] simulation. The GEANT4

simulation will simulate the interaction between the particles and detectors. The output of this step

is called HITS file. The third step is Digitization. The output is RDO (Raw Data Outputs). The

last step is Reconstruction. The output is AOD (Analysis Object Data).

5.3.1 Pile-up Simulation

Due to the high luminosity of LHC, several proton-proton interactions can happen in the same

bunch crossing. The presence of additional interactions besides of hard interaction is called in-time

pile-up effect. The detector will record the additional interactions with the hard interaction. So in

the final events, both hard interaction and soft pile-up interactions will go to analysis. Because
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Figure 5.5 < µ > and BCID measured on October 23, 2011. Left: < µ >. Right:BCIDs
in a bunch train.

the time interval between the two bunches is 50 ns in most of 2011 data, the next will come when

the detectors are still recording the information of first bunch crossing. From the pulse shape of

LAr in Fig. 2.7, one can see the typical readout time for LAr is about 800 ns. 16 bunch crossings

will come before the signal of LAr returns to zero. This effect is called out-of-time pile-up. Both

in-time and out-of-time pile-up effects are simulated by Monte Carlo.

The idea of Monte Carlo simulation for pile-up is to overlay one hard interaction event and

several other soft interaction events into one event for both in-time and out-of-time pile-up. The

procedure is done after GEANT4 simulation with the input of HITS file. For the out-of-time pile-up,

a window of [-800 ns, 800 ns] is set. One terminology used here is < µ >, which is the average

interactions per bunch crossing over a Luminosity Block (LB) and over all colliding Bunch-

Crossing Identifications (BCID). The duration of a LB is approximately two minutes, with begin

and end times set by the ATLAS data acquisition system (DAQ) [25]. The left plot of Fig. 5.5 is

showing the luminosity weighted average interactions per bunch crossing in data.

There are three types of events:

• Hard interactions events.

• Minimum Bias events : One has to decide how many Minimum Bias events to be added in
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Figure 5.6 Average interactions per bunch crossing from Monte Carlo pile-up simulation.

the final event. N, the number of Minimum Bias events, is a random number taken from

the Poisson distribution of < µ >, where < µ > is a fixed input parameter. The parameter

should be close to the data < µ >.

• Cavern background events : Even after the collisions, a gas which are including some low

energy neutrons and photons, are still in cavern. That is called "cavern background", which

is very difficult to simulation. The number of cavern background events is constant, which

is depending on < µ >× fraction of colliding BCIDs.

The running conditions of LHC are always changing. That is why using only single < µ >

value to do simulation is not enough. ATLAS produces four types of Monte Carlo samples which

are corresponding different data taking periods as show in Fig. 5.6.
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Period µµ ee eµ

B - I mu18_MG e20_medium mu18_MG ‖ e20_medium

J mu18_MG_medium e20_medium mu18_MG_medium ‖ e20_medium

K mu18_MG_medium e22_medium mu18_MG_medium ‖ e22_medium

L - M mu18_MG_medium e22vh_medium1 mu18_MG_medium ‖ e22vh_medium1

Table 5.1 Triggers used in data and MC.

< µ > Reweighting

The pile-up simulation can not be perfect to describe the < µ > in data. The weight on < µ > is

the ratio of data < µ > distributions and the MC < µ > distributions. The weight will be applied

to Monte Carlo events.

5.4 Trigger

The basic feature of H → WW is the presence of two high pT leptons and large Emiss
T . The

candidates events should be triggered by single lepton triggers. Table 5.1 shows the list of triggers

used in each data taking periods. In both ee and µµ channels, a primary single lepton trigger is

used. in eµ channel, the or of the electron and muon primary triggers is used. Due to the increasing

of instant luminosity in different periods, the trigger thresholds for primary single lepton have been

gradually tightened.

5.4.1 Electron Trigger

For electron triggers, EF_e20_medium, EF_e22_medium and EF_e22vh_medium1 are used in the

analysis. The numbers after EF_e in the names represent the nominal pT threshold values for these
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triggers. medium, medium1 indicate the electron identification selection criteria and vh means that

the trigger has both η dependent pT threshold and hadronic leakage cut in Level 1.

Efficiencies for these triggers in both data and Monte Carlo are estimated using tag and probe

method with Z→ ee events. Monte Carlo trigger efficiencies are measured using the same method

for data. The difference between data and Monte Carlo is corrected using scale factors which are

calculated as,

electron SF = (electron efficiency in data) / (electron efficiency in Monte Carlo). (5.2)

Scale factors will be applied to MC to correct the data MC difference.

5.4.2 Muon Trigger

The single muon triggers used in this analysis are EF_mu18_MG and EF_mu18_MG_medium. The

nominal pT threshold for these triggers are set to 18 GeV. The suffix medium indicates the differ-

ence in the L1 trigger threshold which was tightened from L1_MU10 to L1_MU11 in barrel region.

Muon trigger efficiency are estimated using tag and probe method with Z→ µµ events. In the

measurement, the selection criteria for muons are the identical as the one used in the analysis. The

following selection are applied on tag and probe pairs.

• |Mµµ −MZ|< 10 GeV

• ∆φµµ > 2.0

In the estimation, tag muons are required to match a trigger object in interest. The matching ∆R for

the estimation is set to 0.20. The estimation is done both in data and Monte Carlo. In the Monte

Carlo estimation, the differences in muon reconstruction efficiency and momentum resolution from

data are corrected.
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5.4.3 Event Based Trigger Application

In order to compensate the difference in trigger efficiency in data and MC, trigger matching is

done for leading and sub-leading pT leptons on plateau. The definition of plateau is pT > 21

GeV for EF_e20_medium, pT > 23 GeV for EF_e22_medium and EF_e22_medium1 and pT >

20 GeV for muon triggers. Trigger matching methods are identical as the one used in the per

lepton efficiency estimations. If both leading and sub-leading offline lepton fail trigger matching,

the event is rejected. Because the trigger selection is changing even in the same MC period, a

luminosity weight has to be applied into MC events to simulate the data triggers. The weight

is calculated according to which trigger the event passed, and integrated luminosity of that data

taking period in which that trigger is used. The event scale factor is calculated as

event SF =
[
1−
(

1− ε
lead
MC ×SF lead

)
×
(

1− ε
sub
MC×SFsub

)]
/
[
1−
(

1− ε
lead
MC

)
×
(

1− ε
sub
MC

)]
,

where ε lead
MC , εsub

MC are per lepton trigger efficiencies for leading and sub-leading leptons, and SF lead ,

SFsub are per lepton scale factors for leading and sub-leading leptons.

5.5 Objects Selection

5.5.1 Electrons

The electrons selected by this analysis are reconstructed by the ATLAS reconstruction software. A

detailed electron reconstruction is described in Section 4.1. Tight electron identification selection

cuts are applied. On top of that, this analysis uses several other cuts to reject background. The

pT of electron is bigger than 15 GeV to make sure that electron has high reconstruction efficiency

and systematic can be understood. A geometrical acceptance (|ηcluster| < 2.47) has to be applied

because electron is reconstructed using track and calorimeter cluster matching and the inner detec-

tor has limited η coverage. To insure good energy and position precision, only candidates lying
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outside the transition region between the barrel and the endcap parts of the calorimeter (|η |< 1.37

or |η |> 1.52) are selected. In the data taking periods E to H, there was a LAr electronics front-end

failure which affects ∼ 17% data taken. That failure is fully simulated in Monte Carlo sample.

A set of impact parameter cuts (|z0| < 1 mm and | d0
σ(d0)
| < 10) are applied to rejected fake elec-

trons. To selected isolated electron candidates, a track isolation (pTcone30
pT

= Σ(ptrack
T )

pT
< 0.13) and

calorimeter isolation (ETconecorr30
pT

= Σ(Ecells
T )

pT
< 0.14) cuts are used. pTcone30 is the ∑ pT of inner

detector tracks around the electron track in a crone of ∆R < 0.3 in (η ,φ ) plane. ETconecorr30 is

the sum of energy in calorimeter in a cone of ∆R < 0.3 with pile-up dependent correction [58].

5.5.2 Muons

Muons are reconstructed using an official muon reconstruction algorithm which is described in

Section 4.2. Muon track selection is used to reduce mis-tag rate of muon and improve on the

muon momentum resolution. Muons tracks are required to have at least two hits in the pixel

detector and have 6 hits in SCT detector. Tracks are rejected if they have more than two holes1

in the SCT and pixel detectors. For TRT detector, the sum of the hits on track and outliers is

defined as n, where outliers is a set of nearby TRT hits when the track fit quality is bad. If the

|η |< 1.9, the requirement is n > 5 and noutliers
TRT < 0.9n. If the |η |> 1.9 and n > 5, the requirement

is noutliers
TRT < 0.9n. Kinematic cuts of pT > 15 GeV an |η | < 2.4 are also applied. On the top

of that, impact parameter cuts of |z0| < 1 mm and | d0
σ(d0)
| < 3 are applied. The muon isolation is

using tracking (pTcone30
pT

= Σ(ptrack
T )

pT
< 0.13) selection and calorimeter (ETconecorr30

pT
= Σ(Ecells

T )
pT

< 0.14)

selection.
1A hole is defined as an absence of a hit when it is expected given the track trajectory.
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5.5.3 Jet Selection

Jet reconstruction is described in Chapter 3. The jet is required to have pT > 25 GeV and |η |< 4.5.

The jet pT threshold is raised to 30 GeV in the region 2.75 < |η | < 3.25 which is the transition

region between different calorimeters. That region is affected more by pile-up effects. In order to

reject the pile-up jets in central region, jet vertex fraction (JVF) is defined. Each jet may match

with several tracks. And those tracks can associate with different primary vertices. JVF is defined

as,

JVF( jet,vtx) = ∑ pT (trk) i f vtx ∈ track.vtx
∑ pT (trk)

. (5.3)

JVF is a function of jet and vertex. Given a jet and a reference vertex, the numerator of JVF is the

sum pT of the tracks which are matched to this jet and associated to this vertex. The denominator

of JVF is the sum pT of the tracks which are matched to this jet. The cut on JVF is |JVF| > 0.75

which is proposed in [59]. Hard jets will have higher probability to pass this cut.

5.5.4 Event Cleaning

The jets in the proton-proton collisions can come from some backgrounds, like cosmic ray muons,

large calorimeter noise. If one event has some background jets, the event topology will change.

That event has to be rejected by the analysis if the fake jet is not overlapped with electrons or

muons. This is called event cleaning. The looser cleaning definitions used in this analysis, are list

in Table. 5.2.

The types of selections are :

• Noise cell in the hadronic endcap calorimeter (HEC). Because single cell contributes most of

the energy of the jet, the jet energy fraction in HEC ( fHEC) is large. The signal shape quality

in HEC ( fHECquality) is also very poor.

• Rare coherent noise in the EM calorimeter. Some fake jets have a large EM fraction ( fEM)
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Looser

HEC spikes
( fHEC > 0.5 and | fHECquality|> 0.5 and f̄quality > 0.8)

or |Eneg|> 60 GeV

Coherent EM noise fEM > 0.95 and fquality > 0.8 and f̄quality > 0.8 and |η |< 2.8

Non-collision background

( fEM < 0.05 and fch < 0.05 and |η |< 2)

or ( fEM < 0.05 and |η | ≥ 2)

or ( fmax > 0.99 and |η |< 2)

Table 5.2 Selection criteria used to reject fake jets and non-collision background.

which is defined as the ratio of the energy deposited in EM calorimeter to the total jet energy.

And some cells have a poor signal shape quality ( fquality) .

• Cosmic or non-collision background. The jets can come from cosmic or other non-collision

background. fEM are required to be larger than some value to make sure there is some energy

in EM calorimeter. The cut for jet charge fraction ( fch), which is defined as the ratio of the

scalar sum of the tracks pT to the jet pT , is applied. The maximum energy fraction in any

single calorimeter layer ( fmax) has to be less than some value.

5.6 Event Selection

5.6.1 Common Event Selection

This section will describe several selections which are common for 0-jet, 1-jet and 2-jet channels.

Due to different background processes, the cuts will not be the same for different flavor combina-

tions, which are ee, eµ and µµ .

Events have to pass primary vertex selection which requires least one primary vertex associated
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with at least three tracks. This selection will reject cosmic or other non-collision background.

Since it is H →WW ∗→ lν lν analysis, the events are selected by requiring exactly two oppsite-

sign leptons. Events which have three or more leptons will be rejected to reduce other background

contamination. The leading lepton pT , which is used to trigger the event, has to be bigger than 25

GeV and subleading lepton pT > 15 GeV. The leading and subleading lepton pT distributions are

shown in Fig. 5.7.

The Drell-Yan events (γ∗,ϒ,Z), which have two leptons in the final states, can pass the signal

region selection if there is fake Emiss
T . Those events can be suppressed by appling di-lepton invari-

ant mass (mll) cut. For ee, µµ channels, the lower bound on invariant mass is mll > 12 GeV to

reduce γ∗,ϒ events. For eµ channel, the cut is mll > 10 GeV. Most of the Z→ ee, Z→ µµ events

will be rejected by |mll−mZ|< 15 GeV. The mll distributions can be found in Fig. 5.8.

The QCD multijets and Drell-Yan events usually have feature of low Emiss
T . Those events will

be reduced by an additional cut on Emiss
T . However, the mis-measurement on the lepton direction

will create fake Emiss
T . The Emiss

T,rel is defined as,

Emiss
T,rel =

 Emiss
T if ∆φ ≥ π/2

Emiss
T · sin∆φ if ∆φ < π/2

, (5.4)

where ∆φ is the absolute value of difference in the azimuthal angle φ between Emiss
T and nearest

lepton or jet. The selection is Emiss
T,rel > 45 GeV for ee, µµ channels. The cut on eµ channel

is Emiss
T,rel > 25 because eµ channel is less affected by Drell-Yan events. Emiss

T,rel distributions in Z

control region are shown in Fig. 5.9. The jet multiplicity distributions after Emiss
T,rel cut are shown in

Fig. 5.10. The number of events until Emiss
T,rel cut are shown in Table 5.3.

The events after Emiss
T,rel cut will be separated into three categories which are 0-jet, 1-jet and 2-

jet. The reason why it is necessary to have three categories is that the contributions from different

backgrounds vary a lot in 0-jet, 1-jet and 2-jet events. For example, Drell-Yan contribution is the

most important background in 0-jet events. Top contribution is larger in 1-jet channel. Therefore,
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Figure 5.7 Lepton pT distributions after low mass DY mll cut. Top row : ee channel with
leading pT electron on the left and subleading pT electron on the right. Middle row : eµ

channel with electron pT on the left and muon pT on the right. Bottom row : µµ channel
with leading pT muon on the left and subleading pT muon on the right.
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Figure 5.8 Di-lepton invariant mass mll distributions after low mass DY mll cut. The top
left plot is for ee channel. the top right plot is for eµ channel. The bottom plot is for µµ

channel.
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Figure 5.9 Emiss
T,rel distributions in Z window (|mll−mZ|< 15 GeV). The top left plot is for

ee channel. the top right plot is for eµ channel. The bottom plot is for µµ channel.
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Figure 5.10 Jet multiplicity distributions after Emiss
T,rel cut. The top left plot is for ee channel.

the top right plot is for eµ channel. The bottom plot is for µµ channel.
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different cuts are designed to suppress different background in 0-jet, 1-jet and 2-jet channels.

5.6.2 Selection for H +0 Jet

Event which have two leptons, high Emiss
T,rel and no pT > 25 GeV jet within |η | < 4.5 will be cate-

gorized in H +0 jet channel. Some additional selection cuts will be applied to the events to reject

more background.

• The transverse momentum of di-lepton system, pll
T , is required to be larger than 45 GeV for

ee, µµ channels and 30 GeV for eµ channel. For same flavor channels, the low mass DY

events can contribute to signal region if they are not treated properly. The pll
T distributions

after 0-jet veto are shown in Fig. 5.11. A large fraction of DY events have pll
T less than

45 GeV for ee and µµ channels and less than 30 GeV for eµ channel. After this selection,

most of the DY events will be rejected.

• For low mass Higgs search (mH < 200 GeV)2, selection mll < 50 GeV is applied. For

200 < mH ≤ 300 GeV, this cut is mll < 150 GeV. For mH ≥ 300, there is no mll cut. Di-

lepton invariant mass distributions after pll
T cut are shown in the left column of Fig. 5.12.

• The two leptons from Higgs to WW decay tend to have the same direction due to the spin

correlation in WW system as explained in Section 5.1.2. For low mass Higgs search, ∆φ`` is

required to be less than 1.8 radians. For Higgs mass mH ≥ 200 GeV, this cut is removed due

to the large invariant mass of WW system. The ∆φ`` distributions are shown in right column

of Fig. 5.12.

The transverse mass mT distributions after 0-jet ∆φll selections are shown in Fig. 5.13. Ta-

ble 5.4 is showing the expected and observed number of events for different cuts in 0-jet channel.

WW processes are the dominant background in different flavor channels for this analysis. It is 64%
2Low mass Higgs is referred to mH < 200 GeV and high mass Higgs is referred to mH ≥ 200 GeV.
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Figure 5.11 pll
T distributions after 0-jet veto in ee (top left), eµ (top right) and µµ (bot-

tom) channels.
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for ee, 60% in eµ and 69% in µµ channel from pure MC estimation. The total background is a

little bit higher than data in ee and eµ and is lower than data in µµ channel.

Channel Selection Signal ttbar SingleTop WW WZ/ZZ/Wg Zjets WjetsDD BG Data

ee

0jet_ZeroJet 6.26 ± 0.08 24.28 ± 1.09 13.87 ± 1.02 138.96 ± 1.85 13.41 ± 1.43 224.21 ± 11.89 39.63 ± 0.87 454.35 ± 12.24 414

0jet_PtLL 4.38 ± 0.07 20.46 ± 1.00 11.94 ± 0.95 109.07 ± 1.64 9.29 ± 1.07 6.63 ± 1.91 17.30 ± 0.53 174.69 ± 3.11 179

0jet_mLL 4.01 ± 0.06 3.49 ± 0.48 3.19 ± 0.49 36.37 ± 0.95 4.08 ± 0.80 3.77 ± 1.23 7.76 ± 0.38 58.66 ± 1.92 52

0jet_deltaPhi 4.00 ± 0.06 3.49 ± 0.48 3.19 ± 0.49 36.32 ± 0.95 4.08 ± 0.80 3.77 ± 1.23 7.72 ± 0.38 58.56 ± 1.92 52

eµ

0jet_ZeroJet 36.14 ± 0.18 107.40 ± 2.23 58.20 ± 2.07 828.13 ± 4.48 66.04 ± 3.36 321.26 ± 11.00 166.41 ± 3.13 1547.43 ± 13.10 1567

0jet_PtLL 33.13 ± 0.18 95.21 ± 2.11 52.15 ± 1.96 693.22 ± 4.09 54.17 ± 2.99 13.90 ± 2.32 125.53 ± 2.45 1034.18 ± 6.74 1068

0jet_mLL 26.75 ± 0.16 15.57 ± 0.91 9.28 ± 0.83 163.57 ± 2.01 24.47 ± 2.34 1.73 ± 0.72 40.47 ± 1.37 255.09 ± 3.66 253

0jet_deltaPhi 25.67 ± 0.15 15.18 ± 0.90 9.21 ± 0.82 157.35 ± 1.97 23.00 ± 2.25 1.41 ± 0.68 35.41 ± 1.25 241.57 ± 3.54 239

µµ

0jet_ZeroJet 14.32 ± 0.12 35.62 ± 1.30 19.33 ± 1.18 262.02 ± 2.48 17.16 ± 0.66 469.59 ± 16.68 12.53 ± 1.58 816.25 ± 17.04 866

0jet_PtLL 10.20 ± 0.10 29.39 ± 1.17 16.56 ± 1.09 201.82 ± 2.18 13.40 ± 0.58 23.38 ± 3.33 3.79 ± 0.83 288.34 ± 4.41 311

0jet_mLL 9.37 ± 0.09 7.21 ± 0.60 4.65 ± 0.58 72.33 ± 1.32 6.20 ± 0.41 16.20 ± 2.51 1.54 ± 0.52 108.13 ± 3.03 138

0jet_deltaPhi 9.34 ± 0.09 7.17 ± 0.60 4.58 ± 0.57 72.23 ± 1.32 6.20 ± 0.41 16.20 ± 2.51 1.54 ± 0.52 107.92 ± 3.03 138

Table 5.4 The number of expected and observed events in H + 0 j channel. The uncer-
tainties are statistic error only. Signal sample is from mH = 125 GeV Monte Carlo.

5.6.3 Selection for H +1 Jet

Event which have two leptons, high Emiss
T,rel and one pT > 25 GeV jet within |η | < 4.5 will be

categorized in H +1 jet channel. Those events have to pass the following selections :

• Events should not contain any b-jets to suppress Top background since Top quark will decay

to two b-jets. The b-tagging algorithm is using JetFitter+IP3D as mentioned in Sec-

tion 4.4. If the b-tag weight is bigger than -1.25, then jet will be considered as a b-jet. This

operation point has 80% efficiency for b-jets in Top MC events.

• The total pT of event which is defined as the vector sum ptot
T = pl1

T + pl2
T + pj

T + pmiss
T , is

required to be not larger than 30 GeV. This will suppress the events with soft gluon radiation

that recoils against the ll + 1 j system but does not produce other pT > 25 GeV jets. In the

event selection, only jets with pT > 25 GeV are selected. It’s possible that the event has
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Figure 5.12 mll and ∆φll distributions after 0-jet pll
T in ee (top row), eµ (middle row) and

µµ (bottom row) channels. Most of DY events are already rejected by pll
T cut.
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Figure 5.13 mT distributions after 0-jet ∆φll cut in ee (top left), eµ (top right) and µµ (bot-
tom) channels.
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several jets with pT < 25 GeV which will lead to large ptot
T value. Fig. 5.14 shows the ptot

T

distributions after 1-jet veto.

• Z→ ττ veto to suppress Z to ττ events. Only the leptonic decay of τ will pass the di-lepton

selection. Since τ has small mass and it can have high pT , the visible decay products and

neutrinos can be collinear which is called collinear approximation. The invariant mass of ττ

system can be reconstructed using collinear approximation :

mττ =
mll√
x1x2

, (5.5)

where x1 ,x2 are the momentum fractions of lepton momentum and τ momentum. x1, x2 can

be calculated as,

x1 =
pl1

x pl2
y − pl1

y pl2
x

pl2
y Emiss

x − pl2
x Emiss

y + pl1
x pl2

y − pl1
y pl2

x
, (5.6)

x1 =
pl1

x pl2
y − pl1

y pl2
x

pl1
y Emiss

x − pl1
x Emiss

y + pl1
x pl2

y − pl1
y pl2

x
. (5.7)

mττ will be set to zero if x1 · x2 < 0. The event with |mττ −mZ|< 25 GeV will be rejected.

• Apply the same mll and ∆φ selections as mentioned in Section 5.6.2. The plots after Z→ ττ

veto are shown in Fig. 5.15.

The mT distributions after all the 1-jet selections are shown in Fig. 5.16. The number of ex-

pected and observed events after different cuts are list in Table 5.5. The b-jet veto reduces a lot of

tt̄ and single Top background. ptot
T is also very efficient to reject Top background since Top can

produce several low pT jets. Z → ττ veto rejects lot of Z + jets events in eµ channel in which

no Z mass veto is applied. In ee and µµ channel, Z→ ττ veto has less rejection power. The mll

cut is very important for WW background suppression. After all the selections, WW is the main

background which is 38% in ee channel, 37% in eµ channel and 42% in µµ channel from pure

MC estimation. Top background is more important in 1-jet channel compared with 0-jet case. It’s

30% in ee channel, 32% in eµ channel and 35% in µµ channel from pure MC estimation.
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Figure 5.14 ptot
T distributions after 1-jet veto in ee (top left), eµ (top right) and µµ (bot-

tom) channels.
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Figure 5.15 mll and ∆φ distributions after Z→ ττ veto in ee (top row), eµ (middle row)
and µµ (bottom row) channels.
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Figure 5.16 mT distributions after 1-jet ∆φll cut in ee (top left), eµ (top right) and µµ (bot-
tom) channels.
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Channel Selection Signal ttbar SingleTop WW WZ/ZZ/Wg Zjets WjetsDD BG Data

ee

1jet_OneJet 2.58 ± 0.05 187.79 ± 2.98 51.99 ± 1.98 46.57 ± 1.03 9.14 ± 1.08 53.14 ± 5.35 12.39 ± 0.50 361.03 ± 6.62 366

1jet_Bjet 2.38 ± 0.04 53.71 ± 1.60 15.71 ± 1.09 43.52 ± 0.99 8.85 ± 1.08 48.30 ± 5.09 11.34 ± 0.46 181.42 ± 5.66 200

1jet_PtTotal 1.61 ± 0.04 23.65 ± 1.04 8.58 ± 0.81 31.26 ± 0.84 6.54 ± 1.00 10.62 ± 2.28 5.17 ± 0.32 85.82 ± 2.96 94

1jet_Ztau 1.60 ± 0.04 23.07 ± 1.03 8.19 ± 0.79 30.68 ± 0.84 6.49 ± 1.00 10.02 ± 2.24 5.23 ± 0.32 83.68 ± 2.92 93

1jet_mLL 1.33 ± 0.03 4.21 ± 0.49 2.41 ± 0.43 8.20 ± 0.43 2.21 ± 0.63 2.39 ± 0.88 2.05 ± 0.21 21.47 ± 1.35 22

1jet_deltaPhi 1.22 ± 0.03 4.00 ± 0.49 2.34 ± 0.43 7.68 ± 0.42 2.15 ± 0.63 2.16 ± 0.85 1.66 ± 0.19 20.00 ± 1.32 19

eµ

1jet_OneJet 14.74 ± 0.11 853.50 ± 6.30 266.23 ± 4.44 259.54 ± 2.45 39.78 ± 2.38 132.34 ± 5.93 64.72 ± 2.42 1616.10 ± 10.59 1678

1jet_Bjet 13.57 ± 0.10 243.56 ± 3.41 85.60 ± 2.53 241.69 ± 2.35 36.78 ± 2.27 122.54 ± 5.68 58.40 ± 2.10 788.57 ± 8.09 808

1jet_PtTotal 9.12 ± 0.08 107.66 ± 2.25 48.46 ± 1.90 171.41 ± 1.99 23.94 ± 1.89 67.50 ± 4.28 29.23 ± 1.46 448.20 ± 6.05 449

1jet_Ztau 9.09 ± 0.08 102.46 ± 2.20 46.35 ± 1.86 166.35 ± 1.96 23.55 ± 1.88 45.77 ± 3.62 31.01 ± 1.45 415.48 ± 5.56 414

1jet_mLL 6.90 ± 0.07 17.40 ± 0.96 9.25 ± 0.83 31.70 ± 0.86 9.99 ± 1.42 12.44 ± 1.85 9.21 ± 0.83 89.98 ± 2.91 110

1jet_deltaPhi 6.39 ± 0.07 16.39 ± 0.93 9.04 ± 0.82 28.49 ± 0.81 9.62 ± 1.42 3.09 ± 1.00 7.66 ± 0.71 74.30 ± 2.39 90

µµ

1jet_OneJet 5.32 ± 0.06 289.53 ± 3.65 84.72 ± 2.48 86.30 ± 1.39 6.71 ± 0.43 153.95 ± 8.89 8.70 ± 1.50 629.92 ± 10.14 659

1jet_Bjet 4.92 ± 0.06 84.20 ± 1.99 26.98 ± 1.40 79.89 ± 1.34 6.28 ± 0.41 145.94 ± 8.63 6.13 ± 1.21 349.43 ± 9.16 360

1jet_PtTotal 3.30 ± 0.05 35.94 ± 1.31 17.14 ± 1.12 55.91 ± 1.13 3.56 ± 0.31 30.41 ± 3.98 2.85 ± 0.77 145.82 ± 4.56 141

1jet_Ztau 3.30 ± 0.05 35.03 ± 1.30 16.74 ± 1.11 55.28 ± 1.12 3.54 ± 0.31 29.29 ± 3.92 3.06 ± 0.77 142.94 ± 4.50 137

1jet_mLL 2.70 ± 0.04 8.75 ± 0.68 4.64 ± 0.58 16.17 ± 0.60 1.33 ± 0.20 10.50 ± 2.11 1.22 ± 0.46 42.61 ± 2.42 38

1jet_deltaPhi 2.49 ± 0.04 8.38 ± 0.66 4.45 ± 0.57 14.87 ± 0.58 1.32 ± 0.20 6.22 ± 1.41 0.91 ± 0.40 36.15 ± 1.81 36

Table 5.5 The number of expected and observed events in H + 1 j channel. The uncer-
tainties are statistic error only. Signal sample is from mH = 125 GeV Monte Carlo.

5.6.4 Selection for H +2 Jet

Vector boson fusion (VBF) process can produce two forward jets which have large η separation.

Event which have two leptons, high Emiss
T,rel and two pT > 25 GeV jets within |η | < 4.5 will be

categorized in H + 2 jet channel. Besides the two tagged jets, event should not contain any other

pT > 25 GeV jets within |η | < 3.2. This is called central jet veto. The b-jet veto is the same

with the definition in Section. 5.6.3. The two jets have to locate in opposite rapidity hemispheres

(η j1×η j2 < 0). The ∆η of the two jets should be larger than 3.8. The distributions of ∆η after

2-jet veto are shown in the left column of Fig. 5.6. The two jet invariant mass m j j should be at

least 500 GeV due to the feature of VBF process. The right column of Fig. 5.6 shows the m j j

distributions after 2-jet veto. The di-lepton invariant mass cut is mll < 80 GeV. The candidate

events will have pass the ∆φ selections as described in Section. 5.6.2.

Table 5.6 shows the expected and observed number of events after different cuts in 2-jet chan-
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nel. Top is dominant background in the channel.
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Figure 5.17 ∆η j j and m j j distributions after 2-jet veto in ee (top row), eµ (middle row)
and µµ (bottom row) channels.
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Channel Selection Signal ttbar SingleTop WW WZ/ZZ/Wg Zjets WjetsDD BG Data

ee

2jet_TwoJet 1.40 ± 0.03 682.63 ± 5.75 38.19 ± 1.70 17.05 ± 0.61 4.11 ± 0.55 14.69 ± 2.34 4.68 ± 0.46 761.35 ± 6.50 867

2jet_CJetVeto 1.08 ± 0.03 397.93 ± 4.35 27.06 ± 1.43 13.53 ± 0.55 3.09 ± 0.51 8.62 ± 1.85 4.68 ± 0.46 454.91 ± 5.02 510

2jet_Bjet 0.91 ± 0.03 42.71 ± 1.46 5.91 ± 0.68 11.89 ± 0.50 2.76 ± 0.49 8.05 ± 1.76 3.48 ± 0.28 74.80 ± 2.50 96

2jet_OppHemi 0.49 ± 0.02 19.28 ± 0.97 3.02 ± 0.48 5.56 ± 0.34 0.97 ± 0.19 3.62 ± 1.20 1.28 ± 0.18 33.73 ± 1.67 37

2jet_DeltaEta 0.22 ± 0.01 3.40 ± 0.40 0.27 ± 0.14 1.14 ± 0.15 0.25 ± 0.10 1.23 ± 0.87 0.22 ± 0.07 6.52 ± 0.99 8

2jet_Mjj 0.15 ± 0.01 1.89 ± 0.30 0.00 ± 0.00 0.45 ± 0.09 0.03 ± 0.01 0.00 ± 0.00 0.05 ± 0.04 2.41 ± 0.32 2

2jet_PtTotal 0.11 ± 0.00 0.90 ± 0.20 0.00 ± 0.00 0.28 ± 0.07 0.02 ± 0.01 0.00 ± 0.00 0.02 ± 0.03 1.22 ± 0.21 1

2jet_Ztau 0.11 ± 0.00 0.90 ± 0.20 0.00 ± 0.00 0.28 ± 0.07 0.02 ± 0.01 0.00 ± 0.00 0.02 ± 0.03 1.22 ± 0.21 1

2jet_mLL 0.10 ± 0.00 0.04 ± 0.06 0.00 ± 0.00 0.04 ± 0.03 0.01 ± 0.01 0.00 ± 0.00 0.01 ± 0.02 0.10 ± 0.07 0

2jet_deltaPhi 0.09 ± 0.00 0.00 ± 0.05 0.00 ± 0.00 0.04 ± 0.03 0.01 ± 0.01 0.00 ± 0.00 0.01 ± 0.02 0.06 ± 0.06 0

eµ

2jet_TwoJet 7.35 ± 0.08 3711.90 ± 13.23 212.35 ± 3.97 92.00 ± 1.40 18.60 ± 1.39 55.58 ± 3.39 30.67 ± 3.12 4121.10 ± 14.70 4474

2jet_CJetVeto 5.78 ± 0.07 2068.23 ± 9.80 151.50 ± 3.36 73.72 ± 1.26 14.52 ± 1.31 41.66 ± 3.06 28.86 ± 3.03 2378.49 ± 11.36 2547

2jet_Bjet 4.90 ± 0.06 225.60 ± 3.30 32.63 ± 1.56 63.44 ± 1.15 13.09 ± 1.27 36.21 ± 2.84 20.94 ± 1.90 391.91 ± 5.28 407

2jet_OppHemi 2.73 ± 0.04 98.64 ± 2.17 12.67 ± 0.97 29.73 ± 0.79 5.46 ± 0.80 15.10 ± 1.83 8.48 ± 1.16 170.08 ± 3.40 164

2jet_DeltaEta 1.18 ± 0.02 17.29 ± 0.89 1.31 ± 0.30 5.23 ± 0.33 0.53 ± 0.12 1.51 ± 0.55 1.39 ± 0.39 27.27 ± 1.21 22

2jet_Mjj 0.83 ± 0.01 8.88 ± 0.62 0.90 ± 0.26 2.59 ± 0.23 0.26 ± 0.09 0.44 ± 0.23 0.48 ± 0.27 13.55 ± 0.80 9

2jet_PtTotal 0.63 ± 0.01 3.56 ± 0.39 0.60 ± 0.21 1.56 ± 0.18 0.13 ± 0.06 0.27 ± 0.19 0.17 ± 0.14 6.29 ± 0.54 4

2jet_Ztau 0.62 ± 0.01 3.53 ± 0.39 0.60 ± 0.21 1.50 ± 0.17 0.14 ± 0.06 0.15 ± 0.15 0.20 ± 0.14 6.11 ± 0.52 4

2jet_mLL 0.49 ± 0.01 0.41 ± 0.15 0.08 ± 0.08 0.26 ± 0.08 0.09 ± 0.06 0.15 ± 0.15 0.08 ± 0.08 1.08 ± 0.26 2

2jet_deltaPhi 0.47 ± 0.01 0.39 ± 0.14 0.08 ± 0.08 0.19 ± 0.06 0.09 ± 0.06 0.00 ± 0.00 0.07 ± 0.08 0.82 ± 0.20 1

µµ

2jet_TwoJet 2.65 ± 0.05 1154.21 ± 7.31 62.50 ± 2.13 31.05 ± 0.81 2.80 ± 0.29 45.53 ± 4.79 4.12 ± 1.84 1300.21 ± 9.23 1327

2jet_CJetVeto 2.11 ± 0.04 656.15 ± 5.48 45.68 ± 1.82 24.63 ± 0.73 1.91 ± 0.24 36.46 ± 4.36 3.67 ± 1.82 768.51 ± 7.50 791

2jet_Bjet 1.78 ± 0.04 73.70 ± 1.88 9.37 ± 0.82 21.21 ± 0.67 1.73 ± 0.22 31.07 ± 4.01 2.57 ± 1.08 139.64 ± 4.69 172

2jet_OppHemi 0.96 ± 0.02 30.44 ± 1.22 4.38 ± 0.56 9.97 ± 0.45 0.87 ± 0.14 11.34 ± 2.33 1.84 ± 0.81 58.83 ± 2.85 71

2jet_DeltaEta 0.41 ± 0.01 5.91 ± 0.51 0.82 ± 0.25 1.66 ± 0.19 0.14 ± 0.06 2.89 ± 1.18 0.50 ± 0.34 11.92 ± 1.36 10

2jet_Mjj 0.29 ± 0.01 2.47 ± 0.33 0.39 ± 0.18 0.67 ± 0.12 0.10 ± 0.06 0.25 ± 0.25 0.62 ± 0.34 4.51 ± 0.58 2

2jet_PtTotal 0.21 ± 0.01 1.04 ± 0.22 0.18 ± 0.13 0.54 ± 0.10 0.05 ± 0.05 0.00 ± 0.00 0.35 ± 0.24 2.16 ± 0.37 1

2jet_Ztau 0.21 ± 0.01 0.99 ± 0.22 0.18 ± 0.13 0.54 ± 0.10 0.05 ± 0.05 0.00 ± 0.00 0.36 ± 0.24 2.13 ± 0.37 1

2jet_mLL 0.18 ± 0.01 0.21 ± 0.12 0.08 ± 0.08 0.10 ± 0.05 0.00 ± 0.00 0.00 ± 0.00 0.23 ± 0.18 0.62 ± 0.23 0

2jet_deltaPhi 0.17 ± 0.01 0.21 ± 0.12 0.08 ± 0.08 0.08 ± 0.05 0.00 ± 0.00 0.00 ± 0.00 -0.02 ± 0.01 0.36 ± 0.15 0

Table 5.6 The number of expected and observed events in H + 2 j channel. The uncer-
tainties are statistic error only. Signal sample is from mH = 125 GeV Monte Carlo.



Chapter 6

Background Estimation

6.1 Drell-Yan Background Estimation

Drell-Yan (γ∗, ϒ, Z) processes have a signature of two leptons. In principle, those background

will not affect the signal region which has large missing transverse momentum (Emiss
T ). But that

is not true when there is fake Emiss
T . The fake Emiss

T mainly comes from the detector noise or pile-

up interaction. Since the modeling of detector noise and pile-up is not perfect in Monte Carlo

samples, the modeling of Drell-Yan processes from Monte Carlo is not sufficient in H →WW

analysis. Therefore, a data-driven ABCD method is developed to correct the effect of Emiss
T mis-

modeling in Drell-Yan Monte Carlo.

6.1.1 Emiss
T Mis-modeling in Z Window

Fig. 5.9 is showing the Emiss
T distributions in Z window (|mll −mZ| < 15 GeV). The Drell-Yan

samples contribute to the low Emiss
T region (Emiss

T,rel < 70 GeV) mostly. Data is about 9% lower than

MC at Emiss
T,rel = 30 GeV region and is about 20% higher than MC at Emiss

T,rel = 70 GeV region both for

ee and µµ channels. This mis-modeling of Emiss
T presents inside and outside of Z window because

95
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Figure 6.1 Illustration of ABCD method for Drell-Yan background estimation. A is the
signal region which has large Emiss

T and low mll . CDEF regions are used for WW control
region.

it is caused by soft interactions like detector noise and pile-up. And those soft interactions are very

hard to simulate in MC.

For the high Emiss
T,rel region, real Emiss

T samples like tt̄ , dominate the distribution.

6.1.2 ABCD Method

The ABCD method is explained in Fig. 6.1. The four kinematic regions are defined as : A (signal

region) : 12 < mll < 50 GeV and Emiss
T,rel > 45 GeV , B : 12 < mll < 50 GeV and 20 < Emiss

T,rel < 45

GeV, C : |mll−mZ|< 15 GeV and Emiss
T,rel > 45 GeV, D : |mll−mZ|< 15 GeV and 20 < Emiss

T,rel < 45

GeV, E : mll > mZ + 15 GeV and Emiss
T,rel > 45 GeV, F : mll > mZ + 15 GeV and 20 < Emiss

T,rel < 45

GeV. It is assumed that the di-lepton invariant mass (mll) and the Emiss
T are not correlated. Then the

ratio of A and B should be similar with the ratio of C and D. The estimation in signal region A is

Aestimated
Z+jets = Bobs×

Cobs

Dobs
, (6.1)
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where the contamination from other non-DY processes are subtracted using Monte Carlo predic-

tions.

The H→WW (∗)→`ν`ν analysis is using WW control region to constrain the WW background

in signal region. In WW control region, the DY background needs to be subtracted. The contami-

nation of DY events in WW control region are also estimated using ABCD method :

Eestimated
Z+jets = Fobs×

Cobs

Dobs
. (6.2)

The ABCD method is validated by using a closure test based on Z+jets MC. The difference

between ABCD estimation and pure MC yields can be used to estimate the systematic of the

ABCD method. Table 6.1 shows the ABCD method input and results for ee channel after 0-jet

pll
T > 45 GeV cut. Table 6.2 shows the ABCD method input and results for ee channel after 1-jet

ptot
T veto. Table 6.3 shows the ABCD method input and results for µµ channel after 0-jet pll

T > 45

GeV cut. Table 6.4 shows the ABCD method input and results for µµ channel after 1-jet ptot
T veto.

Only statistical errors are shown in the tables. In some cases, the numbers from data estimation are

higher than the pure MC prediction.

The ratio between A/E (data estimated) and A/E (raw MC) will be used to normalize the DY

background in limit setting procedure. The difference between MC expectations and predictions

will be used as a systematic for the method.

6.2 W+jets Background Estimation

W+jets events have one lepton, Emiss
T and jets in the final states. The Feynman diagram for W+jets

process is shown in Fig. 6.2. It can contribute to the H→WW (∗)→`ν`ν signal region if any jet

can fake as another lepton. Given the huge cross section of W+jets in LHC (Fig. 5.3), the final

contribution of W+jets to di-lepton plus Emiss
T selection is not neglectable. The fake process is so

complicated that one can not trust the MC simulation. A fake electron can be from decays of (π ,



6.2 W+jets Background Estimation 98

Sample A B C D E F

Data 52.00 ± 7.21 138.00 ± 11.75 124.00 ± 11.14 1213.00 ± 34.83 84.00 ± 9.17 83.00 ± 9.11

ttbar 3.48 ± 1.87 1.34 ± 1.16 5.34 ± 2.31 2.18 ± 1.48 13.01 ± 3.61 5.20 ± 2.28

SingleTop 3.19 ± 1.78 0.42 ± 0.65 2.34 ± 1.53 1.27 ± 1.13 6.14 ± 2.48 1.68 ± 1.30

WW 36.33 ± 6.03 10.66 ± 3.27 26.59 ± 5.16 8.60 ± 2.93 42.54 ± 6.52 22.03 ± 4.69

WZ/ZZ/Wg 4.07 ± 2.02 2.65 ± 1.63 45.75 ± 6.76 14.91 ± 3.86 2.94 ± 1.72 2.51 ± 1.58

Wjets 5.46 ± 2.34 0.00 ± 0.00 7.59 ± 2.76 1.13 ± 1.06 4.91 ± 2.22 4.46 ± 2.11

Zjets 3.77 ± 1.94 104.16 ± 10.21 40.97 ± 6.40 1189.16 ± 34.48 1.74 ± 1.32 54.28 ± 7.37

A (raw MC) 3.77 ± 1.94

A (closure test) 3.59 ± 0.67

A (data estimated) 3.77 ± 1.56

E (raw MC) 1.74 ± 1.32

E (closure test) 1.87 ± 0.39

E (data estimated) 1.45 ± 0.67

Table 6.1 Observed number of events in data and expected yields for the major back-
grounds in six regions (A-F) for ee channel after 0-jet pll

T > 45 GeV selection. Closure
test is done by applying the same ABCD method on Z + jets MC yields directly. The
closure test estimation can be compared with estimation using data to get the systematic
of this method.

Sample A B C D E F

Data 22.00 ± 4.69 305.00 ± 17.46 118.00 ± 10.86 7206.00 ± 84.89 43.00 ± 6.56 292.00 ± 17.09

ttbar 4.21 ± 2.05 1.74 ± 1.32 6.29 ± 2.51 3.45 ± 1.86 12.46 ± 3.53 8.09 ± 2.84

SingleTop 2.41 ± 1.55 1.07 ± 1.03 2.16 ± 1.47 1.73 ± 1.31 3.41 ± 1.85 3.37 ± 1.84

WW 8.19 ± 2.86 3.54 ± 1.88 8.05 ± 2.84 7.85 ± 2.80 13.88 ± 3.73 15.95 ± 3.99

WZ/ZZ/Wg 2.21 ± 1.49 6.66 ± 2.58 16.54 ± 4.07 25.18 ± 5.02 2.25 ± 1.50 4.43 ± 2.11

Wjets 3.60 ± 1.90 7.61 ± 2.76 0.61 ± 0.78 2.40 ± 1.55 0.00 ± 0.00 3.93 ± 1.98

Zjets 2.98 ± 1.73 359.99 ± 18.97 82.74 ± 9.10 7744.73 ± 88.00 1.66 ± 1.29 242.67 ± 15.58

A (raw MC) 2.98 ± 1.73

A (closure test) 3.85 ± 0.47

A (data estimated) 3.35 ± 0.53

E (raw MC) 1.66 ± 1.29

E (closure test) 2.59 ± 0.33

E (data estimated) 3.02 ± 0.49

Table 6.2 Observed number of events in data and expected yields for the major back-
grounds in six regions (A-F) for ee channel after 1-jet ptot

T veto. Closure test is done by
applying the same ABCD method on Z + jets MC yields directly. The closure test esti-
mation can be compared with estimation using data to get the systematic of this method.
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Sample A B C D E F

Data 138.00 ± 11.75 364.00 ± 19.08 260.00 ± 16.12 2423.00 ± 49.22 91.00 ± 9.54 142.00 ± 11.92

ttbar 7.21 ± 2.68 2.35 ± 1.53 7.77 ± 2.79 2.88 ± 1.70 15.57 ± 3.95 7.44 ± 2.73

SingleTop 4.65 ± 2.16 1.24 ± 1.11 3.39 ± 1.84 1.22 ± 1.10 7.19 ± 2.68 2.87 ± 1.70

WW 72.25 ± 8.50 15.84 ± 3.98 49.11 ± 7.01 12.99 ± 3.60 72.53 ± 8.52 28.37 ± 5.33

WZ/ZZ/Wg 6.19 ± 2.49 2.83 ± 1.68 74.74 ± 8.65 21.91 ± 4.68 4.29 ± 2.07 2.38 ± 1.54

Wjets 1.03 ± 1.01 0.52 ± 0.72 0.00 ± 0.00 1.13 ± 1.06 0.00 ± 0.00 7.76 ± 2.79

Zjets 16.18 ± 4.02 292.04 ± 17.09 99.20 ± 9.96 2229.22 ± 47.21 2.51 ± 1.59 83.85 ± 9.16

A (raw MC) 16.18 ± 4.02

A (closure test) 13.00 ± 1.54

A (data estimated) 17.90 ± 3.05

E (raw MC) 2.51 ± 1.59

E (closure test) 3.73 ± 0.56

E (data estimated) 4.89 ± 1.07

Table 6.3 Observed number of events in data and expected yields for the major back-
grounds in six regions (A-F) for µµ channel after 0-jet pll

T > 45 GeV selection. Closure
test is done by applying the same ABCD method on Z + jets MC yields directly. The
closure test estimation can be compared with estimation using data to get the systematic
of this method.

Sample A B C D E F

Data 38.00 ± 6.16 791.00 ± 28.12 221.00 ± 14.87 13531.00 ± 116.32 53.00 ± 7.28 479.00 ± 21.89

ttbar 8.74 ± 2.96 3.53 ± 1.88 10.33 ± 3.21 5.61 ± 2.37 17.89 ± 4.23 9.97 ± 3.16

SingleTop 4.64 ± 2.15 1.69 ± 1.30 4.18 ± 2.04 1.60 ± 1.26 6.80 ± 2.61 5.32 ± 2.31

WW 16.17 ± 4.02 7.95 ± 2.82 14.88 ± 3.86 12.93 ± 3.60 22.44 ± 4.74 25.46 ± 5.05

WZ/ZZ/Wg 1.32 ± 1.15 1.48 ± 1.22 25.78 ± 5.08 38.54 ± 6.21 1.16 ± 1.08 0.97 ± 0.98

Wjets 1.10 ± 1.05 1.10 ± 1.05 2.79 ± 1.67 0.62 ± 0.79 3.14 ± 1.77 0.58 ± 0.76

Zjets 11.08 ± 3.33 829.10 ± 28.79 194.36 ± 13.94 14313.50 ± 119.64 4.62 ± 2.15 435.56 ± 20.87

A (raw MC) 11.08 ± 3.33

A (closure test) 11.26 ± 0.90

A (data estimated) 9.38 ± 1.02

E (raw MC) 4.62 ± 2.15

E (closure test) 5.91 ± 0.51

E (data estimated) 5.29 ± 0.61

Table 6.4 Observed number of events in data and expected yields for the major back-
grounds in six regions (A-F) for µµ channel after 1-jet ptot

T veto. Closure test is done by
applying the same ABCD method on Z + jets MC yields directly. The closure test esti-
mation can be compared with estimation using data to get the systematic of this method.
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Figure 6.2 Feynman disgram for W+jets process.

K) or from the photon conversion. A fake µ could be a real µ decayed from a heavy quark (s, c, b),

in-flight decays of (π , K) and punch-through from calorimeter. That’s why a data-driven technique

is developed to estimate the W+jets contribution.

6.2.1 Data-driven Method

The W+jets background in signal region is extrapolated from a W+jets enriched control sample

multiplied by a fake factor which is measured in multi-jets sample. The estimated W+jets contri-

bution is,

NSR
W+jets = fl×NCR

W+jets , (6.3)

where NSR
W+jets is the number of events for W+jets in signal region, NCR

W+jets is the number of events

in W+jets control region, and fl is lepton fake factor measured in independent sample.

The W+jets control region selection requires one identified (ID) lepton and one anti-ID lepton

from real data sample. The rest of kinematic selections are the same with nominal analysis as de-

scribed in Section 5.6. The contributions of other non-W background (Top, Z, WW/WZ/ZZ/Wγ)

are subtracted using corresponding Monte Carlo samples.

The ID lepton definition is the same with main analysis. The anti-ID lepton is defined using

loose ID requirement. Anti-ID electron drops the requirement on impact parameter significance
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(d0) cut and loosen the calorimeter cut to ETconecorr30
pT

< 0.3. Anti-ID muon also drops the impact

parameter significance requirement and track isolation cut. The calorimeter isolation of anti-ID

muon is loosened to ETconecorr30
pT

< 0.3. The anti-ID objects have to pass the anti-ID requirement

and fail the ID selection used in main analysis.

6.2.2 Fake Factor Measurement

The lepton fake factor can be measured as,

fl ≡
NID

Nanti-ID
, (6.4)

where NID (Nanti-ID) is the number of ID leptons (anti-ID leptons) in multi-jets sample. The multi-

jets events from data is triggered by EF_g20_etcut trigger. In order to reduce the contamination

from W/Z events, the following cuts are applied to multi-jets sample :

• Z veto : remove events if the invariant mass of two opposite sign same flavor leptons are in

Z mass window (76 < mll < 106 GeV).

• W veto : remove events if the transverse mass (calculated from lepton and Emiss
T information)

is larger than 30 GeV.

The possible systematic uncertainties sources for fake factor measurement are,

• The trigger bias for the multi-jets samples. The EF_g20_etcut trigger is prescalled and the

total luminosity for data is about 1.46 pb−1. The systematic from trigger is investigated by

switching off the trigger requirement. The difference is taken as the systematic from trigger

selection.

• The W/Z contamination in multi-jets samples. The W/Z subtraction is done by Monte Carlo

samples. The systematic from this procedure is caused by the W/Z cross section uncertainty.

20% of uncertainty is assigned to the cross section to evaluate the systematic.
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Figure 6.3 The fake factor as a function of pT including all systematic uncertainties for
electrons (left) and muons (right) [3].

• The sample dependent on the fake factor. Currently the fake factor is measured in multi-jets

sample and is applied to W+jets control sample. The fake factors can be different in different

sample due to lots of unknown reasons. This effect is evaluated using di-jet MC sample and

W+jets samples. The difference between fake factor f MC
dijet and f MC

wjets is taken as the sample

dependent systematic uncertainty.

The fake factors with all the systematic uncertainties in the function of lepton pT are shown in

Fig. 6.3. The data-driven W+jets background estimation is used for all the plots and limit setting.

Table 6.5 and Table 6.6 are showing the cutflow comparison between MC W+jets and data-driven

estimation W+jets in H +0 jet and H +1 jet channels. The MC W+jets yields have large statistic

error which indicate MC W+jets sample is suffering from lacking statistic. For 0-jet channel, the

difference can be 50% at ee and µµ channels. For 1-jet channel, the MC statistic is not enough.

And the data-driven estimation for W+jets is quite different with MC prediction.
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Channel Selection Signal ttbar SingleTop WW WZ/ZZ/Wg Zjets Wjets WjetsDD Data

ee

0jet_ZeroJet 6.26 ± 0.08 24.28 ± 1.09 13.87 ± 1.02 138.96 ± 1.85 13.41 ± 1.43 224.21 ± 11.89 28.55 ± 8.25 39.63 ± 0.87 414

0jet_PtLL 4.38 ± 0.07 20.46 ± 1.00 11.94 ± 0.95 109.07 ± 1.64 9.29 ± 1.07 6.63 ± 1.91 16.50 ± 6.09 17.30 ± 0.53 179

0jet_mLL 4.01 ± 0.06 3.49 ± 0.48 3.19 ± 0.49 36.37 ± 0.95 4.08 ± 0.80 3.77 ± 1.23 5.46 ± 3.87 7.76 ± 0.38 52

0jet_deltaPhi 4.00 ± 0.06 3.49 ± 0.48 3.19 ± 0.49 36.32 ± 0.95 4.08 ± 0.80 3.77 ± 1.23 5.46 ± 3.87 7.72 ± 0.38 52

eµ

0jet_ZeroJet 36.14 ± 0.18 107.40 ± 2.23 58.20 ± 2.07 828.13 ± 4.48 66.04 ± 3.36 321.26 ± 11.00 133.93 ± 18.54 166.41 ± 3.13 1567

0jet_PtLL 33.13 ± 0.18 95.21 ± 2.11 52.15 ± 1.96 693.22 ± 4.09 54.17 ± 2.99 13.90 ± 2.32 104.68 ± 16.34 125.53 ± 2.45 1068

0jet_mLL 26.75 ± 0.16 15.57 ± 0.91 9.28 ± 0.83 163.57 ± 2.01 24.47 ± 2.34 1.73 ± 0.72 37.17 ± 9.83 40.47 ± 1.37 253

0jet_deltaPhi 25.67 ± 0.15 15.18 ± 0.90 9.21 ± 0.82 157.35 ± 1.97 23.00 ± 2.25 1.41 ± 0.68 32.43 ± 9.32 35.41 ± 1.25 239

µµ

0jet_ZeroJet 14.32 ± 0.12 35.62 ± 1.30 19.33 ± 1.18 262.02 ± 2.48 17.16 ± 0.66 469.59 ± 16.68 11.32 ± 5.11 12.53 ± 1.58 866

0jet_PtLL 10.20 ± 0.10 29.39 ± 1.17 16.56 ± 1.09 201.82 ± 2.18 13.40 ± 0.58 23.38 ± 3.33 2.15 ± 1.08 3.79 ± 0.83 311

0jet_mLL 9.37 ± 0.09 7.21 ± 0.60 4.65 ± 0.58 72.33 ± 1.32 6.20 ± 0.41 16.20 ± 2.51 1.03 ± 0.73 1.54 ± 0.52 138

0jet_deltaPhi 9.34 ± 0.09 7.17 ± 0.60 4.58 ± 0.57 72.23 ± 1.32 6.20 ± 0.41 16.20 ± 2.51 1.03 ± 0.73 1.54 ± 0.52 138

Table 6.5 The number of expected and observed events in H +0 j channel including com-
parison between MC W+jets (Wjets) and data-driven W+jets (WjetsDD). The uncertain-
ties are statistic error only. Signal sample is from mH = 125 GeV Monte Carlo.

Channel Selection Signal ttbar SingleTop WW WZ/ZZ/Wg Zjets Wjets WjetsDD Data

ee

1jet_OneJet 2.58 ± 0.05 187.79 ± 2.98 51.99 ± 1.98 46.57 ± 1.03 9.14 ± 1.08 53.14 ± 5.35 7.52 ± 3.37 12.39 ± 0.50 366

1jet_Bjet 2.38 ± 0.04 53.71 ± 1.60 15.71 ± 1.09 43.52 ± 0.99 8.85 ± 1.08 48.30 ± 5.09 7.52 ± 3.37 11.34 ± 0.46 200

1jet_PtTotal 1.61 ± 0.04 23.65 ± 1.04 8.58 ± 0.81 31.26 ± 0.84 6.54 ± 1.00 10.62 ± 2.28 5.95 ± 3.24 5.17 ± 0.32 94

1jet_Ztau 1.60 ± 0.04 23.07 ± 1.03 8.19 ± 0.79 30.68 ± 0.84 6.49 ± 1.00 10.02 ± 2.24 5.95 ± 3.24 5.23 ± 0.32 93

1jet_mLL 1.33 ± 0.03 4.21 ± 0.49 2.41 ± 0.43 8.20 ± 0.43 2.21 ± 0.63 2.39 ± 0.88 3.60 ± 3.02 2.05 ± 0.21 22

1jet_deltaPhi 1.22 ± 0.03 4.00 ± 0.49 2.34 ± 0.43 7.68 ± 0.42 2.15 ± 0.63 2.16 ± 0.85 3.60 ± 3.02 1.66 ± 0.19 19

eµ

1jet_OneJet 14.74 ± 0.11 853.50 ± 6.30 266.23 ± 4.44 259.54 ± 2.45 39.78 ± 2.38 132.34 ± 5.93 48.74 ± 12.42 64.72 ± 2.42 1678

1jet_Bjet 13.57 ± 0.10 243.56 ± 3.41 85.60 ± 2.53 241.69 ± 2.35 36.78 ± 2.27 122.54 ± 5.68 46.87 ± 12.38 58.40 ± 2.10 808

1jet_PtTotal 9.12 ± 0.08 107.66 ± 2.25 48.46 ± 1.90 171.41 ± 1.99 23.94 ± 1.89 67.50 ± 4.28 35.28 ± 12.11 29.23 ± 1.46 449

1jet_Ztau 9.09 ± 0.08 102.46 ± 2.20 46.35 ± 1.86 166.35 ± 1.96 23.55 ± 1.88 45.77 ± 3.62 35.28 ± 12.11 31.01 ± 1.45 414

1jet_mLL 6.90 ± 0.07 17.40 ± 0.96 9.25 ± 0.83 31.70 ± 0.86 9.99 ± 1.42 12.44 ± 1.85 18.37 ± 11.30 9.21 ± 0.83 110

1jet_deltaPhi 6.39 ± 0.07 16.39 ± 0.93 9.04 ± 0.82 28.49 ± 0.81 9.62 ± 1.42 3.09 ± 1.00 18.37 ± 11.30 7.66 ± 0.71 90

µµ

1jet_OneJet 5.32 ± 0.06 289.53 ± 3.65 84.72 ± 2.48 86.30 ± 1.39 6.71 ± 0.43 153.95 ± 8.89 7.68 ± 3.16 8.70 ± 1.50 659

1jet_Bjet 4.92 ± 0.06 84.20 ± 1.99 26.98 ± 1.40 79.89 ± 1.34 6.28 ± 0.41 145.94 ± 8.63 7.68 ± 3.16 6.13 ± 1.21 360

1jet_PtTotal 3.30 ± 0.05 35.94 ± 1.31 17.14 ± 1.12 55.91 ± 1.13 3.56 ± 0.31 30.41 ± 3.98 5.31 ± 2.93 2.85 ± 0.77 141

1jet_Ztau 3.30 ± 0.05 35.03 ± 1.30 16.74 ± 1.11 55.28 ± 1.12 3.54 ± 0.31 29.29 ± 3.92 5.31 ± 2.93 3.06 ± 0.77 137

1jet_mLL 2.70 ± 0.04 8.75 ± 0.68 4.64 ± 0.58 16.17 ± 0.60 1.33 ± 0.20 10.50 ± 2.11 1.10 ± 0.79 1.22 ± 0.46 38

1jet_deltaPhi 2.49 ± 0.04 8.38 ± 0.66 4.45 ± 0.57 14.87 ± 0.58 1.32 ± 0.20 6.22 ± 1.41 0.45 ± 0.45 0.91 ± 0.40 36

Table 6.6 The number of expected and observed events in H +1 j channel including com-
parison between MC W+jets (Wjets) and data-driven W+jets (WjetsDD). The uncertain-
ties are statistic error only. Signal sample is from mH = 125 GeV Monte Carlo.
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The method is also validated in same sign di-lepton region. The distributions in eµ channel are

shown in Fig. 6.4. The same sign region is defined as after Emiss
T,rel cut with two same sign leptons.

In that region, W+jets (one fake lepton) and di-boson (real leptons) events dominate. The data MC

agreement looks fine.
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Figure 6.4 Kinematic distributions after Emiss
T with two same sign leptons selections in

eµ channel.
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6.3 Top Background

6.3.1 Top Background in H +0 Jet

The Top process (tt̄ and single Top) will yield two opposite sign leptons, two b-jets and Emiss
T in

the final states. It will contribute to the H +0 jet signal region if the two b-jets can not pass the jet

pT threshold or are too forward. The method is proposed in [60]. The estimated Top background

in H +0 jet signal region is,

NEstimated
Top (``+Emiss

T ,0 j) = NData
Top (``+Emiss

T )×PEstimated
2 , (6.5)

where NData
Top (``+Emiss

T ) is the number of observed Top events in data without the requirement on

jet multiplicity (Top control sample), PEstimated
2 is the jet veto efficiency estimated from a control

sample with two leptons, Emiss
T and at least one b-jet in final states (b-tag control sample).

The NData
Top (``+ Emiss

T ) is obtained by subtracting other non-Top contribution by Monte Carlo

in the Top control sample. The PEstimated
2 is the full jet veto efficiency measured in b-tag sample.

It should be the square of the jet veto efficiency in b-tag control sample (at least one b-jet) with a

correction derived from MC :

PEstimated
2 = (PBtag,Data

1 )2×
PMC

2

(PBtag,MC
1 )2

, (6.6)

where PMC
2 and PBtag,MC

1 are the quantities in MC. In b-tag control sample, b-jet is defined as the

jet which has the highest value of b-tagging weight in that event. Probing jets are defined as the

rest of jets whose ∆R with the b-jet is larger than 1. The jet veto efficiency is the ratio between

number of events with no probing jet and the total number of events in control sample. The b-jet

pT and η distributions are given in Fig. 6.5.

The ratio of data-driven Top 0-jet (NEstimated
Top (``+Emiss

T ,0 j) and MC yields using the 4.7 fb−1

data is,

1.038±0.070(stat)±0.166(syst). (6.7)
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The systematic uncertainty is including 10% from non-Top background substraction (Monte Carlo

uncertainty), 3% from jet energy scale, 1.5% from jet energy resolution, 4.8% from b-tagging

efficiency and 15% from theoretical error [60]. The ratio will be applied to MC yields in the limit

setting.

6.3.2 Top Background in H +1 Jet

The Top background in H + 1 jet channel is normalized by a Top 1-jet control region which is

defined by reversing b-jet veto and removing mll and ∆φll cuts. The estimated Top background in

H +1 jet signal region is,

NS
estimated = αTop×NC

Data, (6.8)

where αTop = NS
MC

NC
MC

is from MC.

Table 6.7 shows the numbers of expected and observed events in Top 1-jet control region which

is a very clean control region. Top events (tt̄ and single Top) dominate the control region. The di-

lepton invariant mass and mT distributions are shown in Fig. 6.6.

Channel Selection Signal ttbar SingleTop WW WZ/ZZ/Wg Zjets WjetsDD BG Data

ee CR_Top_1jet 0.13 ± 0.01 60.80 ± 1.73 22.18 ± 1.29 2.16 ± 0.24 0.16 ± 0.10 0.72 ± 0.72 0.68 ± 0.15 86.70 ± 2.29 91

eµ CR_Top_1jet 0.76 ± 0.03 275.05 ± 3.56 109.09 ± 2.84 12.54 ± 0.57 1.50 ± 0.45 4.44 ± 1.14 2.94 ± 0.74 405.56 ± 4.81 426

µµ CR_Top_1jet 0.27 ± 0.02 98.25 ± 2.11 37.22 ± 1.64 4.49 ± 0.33 0.24 ± 0.08 1.34 ± 0.83 1.42 ± 0.62 142.97 ± 2.88 158

Table 6.7 The number of expected and observed events in Top 1-jet control region. The
uncertainties are statistic error only.

6.4 WW Background

In low mass Higgs search, WW background in signal region is normalized by WW control region.

The WW control region is defined with the same selection as main analysis except that mll cut is
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Figure 6.5 b-jet pT and η distributions in b-tag control samples. It’s a clean Top control
region.
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Figure 6.6 Di-lepton invariant mass and mT distributions in Top 1-jet control region.
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changed to mll > 80 GeV and ∆φll cut is removed. The estimated WW background in signal region

is,

NS
estimated = αWW×NC

Data, (6.9)

where αWW = NS
MC

NC
MC

is from MC. In intermediate and high mass Higgs search, the WW background

estimated using MC yields because it’s difficult to find a clean control region in high mass Higgs

search.

Table 6.8 and Table 6.9 are the expected and observed events in WW 0-jet and 1-jet control

regions. In WW control region, signal (mH = 125 GeV) contribution is tiny. The WW contribution

dominate the region. But the Top contamination is not small (27% in ee+0 j, 17% in eµ +0 j, 21%

in µµ +0 j). In limit setting, the Top is also from data driven estimation described in Section 6.3.

The W+jets contribution in WW control regions is from data-driven estimation. The di-lepton

invariant mass and mT distributions in WW 0-jet and 1-jet control regions are shown in Fig. 6.7

and Fig. 6.8.

Channel Selection Signal ttbar SingleTop WW WZ/ZZ/Wg Zjets WjetsDD BG Data

ee CR_WW_0jet 0.02 ± 0.01 13.02 ± 0.75 6.15 ± 0.68 42.59 ± 1.00 2.95 ± 0.28 1.75 ± 1.23 4.44 ± 0.22 70.89 ± 1.92 84

eµ CR_WW_0jet 0.24 ± 0.02 58.65 ± 1.62 29.07 ± 1.47 351.26 ± 2.86 18.43 ± 1.40 2.94 ± 1.21 43.46 ± 1.46 503.80 ± 4.30 522

µµ CR_WW_0jet 0.02 ± 0.01 15.59 ± 0.82 7.19 ± 0.72 72.61 ± 1.27 4.29 ± 0.30 2.52 ± 1.27 1.04 ± 0.44 103.24 ± 2.17 91

Table 6.8 The number of expected and observed events in WW 0-jet control region. The
uncertainties are statistic error only.

Channel Selection Signal ttbar SingleTop WW WZ/ZZ/Wg Zjets WjetsDD BG Data

ee CR_WW_1jet 0.01 ± 0.00 11.90 ± 0.71 3.03 ± 0.49 13.33 ± 0.55 2.21 ± 0.45 1.66 ± 0.96 1.27 ± 0.13 33.39 ± 1.48 42

eµ CR_WW_1jet 0.10 ± 0.02 60.19 ± 1.64 24.69 ± 1.37 90.61 ± 1.43 8.15 ± 0.88 3.14 ± 0.90 9.69 ± 0.71 196.47 ± 2.95 179

µµ CR_WW_1jet 0.01 ± 0.01 17.04 ± 0.88 6.40 ± 0.69 21.87 ± 0.71 1.14 ± 0.19 4.10 ± 1.59 0.96 ± 0.44 51.51 ± 2.12 49

Table 6.9 The number of expected and observed events in WW 1-jet control region. The
uncertainties are statistic error only.
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Figure 6.7 Di-lepton invariant mass and mT distributions in WW 0-jet control region.
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Figure 6.8 Di-lepton invariant mass and mT distributions in WW 1-jet control region.



Chapter 7

Systematic Uncertainties

Systematic uncertainties considered for H→WW (∗)→`ν`ν analysis includes detector systematic

and theoretical systematic. In this chapter, different sources of systematic are described and the

effects on the final results are evaluated.

7.1 Electron Systematic

7.1.1 Electron Energy Scale

The electron energy is calibrated with several steps [1]. First, the electronic signal in each calorime-

ter cell is converted into EM energy which is based on test beam measurement. Second, the energy

of topocluster is calibrated using a Monte Carlo based technique to compensate the topocluster

energy loss or leakage. Finally, a in-situ calibration, which is using Z→ ee events, is adopted to

further determine the electron energy. The different systematic uncertainties of this procedure are

:

1. Additional material : Since the calibration is done by MC-based method, any material which

is not taken into account by MC simulation, affects the electron energy.

112
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2. Low transverse energy electrons : The low energy electron is calibrated by J/ψ → ee and

higher energy electron is calibrated using Z→ ee. It is found the two calibrations have about

1% difference for the same transverse energy electrons. A 1% systematic is assigned to

10 GeV electrons.

3. Presampler energy scale : The presampler detector is used to correct the energy loss due to

upstream material. The energy uncertainty measured in presampler is about 5% in barrel and

about 10% in endcap regions up to |η |= 1.8.

4. Other electronic systematic like calorimeter electronic calibration and cross-talk, non-linearity

in the readout electronics and different calorimeter operation condition.

5. Different background fit range and pile-up effects : For Z→ ee calibration, other fit ranges

(rather than 80− 100 GeV) are used to check the uncertainty. The pile-up effects are esti-

mated using samples with different number of primary vertices.

The electron energy scale uncertainty is propagated into the analysis using Monte Carlo sample by

varying the electron energy by ±1σ .

7.1.2 Electron Energy Resolution

The electron energy resolution is constrainted by the calorimeter energy resolution which can be

parametrized as
σE

E
=

a√
E
⊕ b

E
⊕ c, (7.1)

where a is the sampling term, b is the noise term and c is the constant term. Due to the limitation

of sample statistics, only constant term is extracted from data. It is also found that the Monte Carlo

describes the sampling term very well. And the noise term only contributes at low energy. The

electron energy resolution is obtained from a fit to the di-electrons invariant mass distribution by
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using Breit-Wigner convolved with Crystal Ball function. The definition of Crystal Ball function

is,
( n
|a|)

ne−
1
2 a2

( n
|a| −|a|− x)n

∣∣∣∣∣
x<−|a|

, exp
(
− 1

2
(
x−m

s
)2
)∣∣∣

x>−|a|
, (7.2)

where x is the variable, m, s, a, and n are the parameters of this function. Electrons within |η | <

2.47 (excluding 1.37 < |η |< 1.52) are called central electrons candidates. Electrons within 2.5 <

|η |< 4.9 are called forward electrons candidates. Events with both electrons in central region are

defined as central-central events. Events with one electron in central region and another electron

in forward region are defined as central-forward events. The mee ranges vary for central-central

events (80−100 GeV) and for central-forward events (70−105 GeV). The width of Breit-Wigner

function will be fixed at Z mass. And the Crystal Ball function will give the electron energy

resolution. The systematic uncertainty from electron energy resolution is from the assumption that

simulation has the same sampling term with data. This uncertainty is about 0.4% in EM calorimeter

and about 1% in forward calorimeter.

The electron energy resolution systematic will be evaluated using Monte Carlo samples. The

shape variations due to electron energy resolution in different channels are shown in Fig. 7.1.

7.1.3 Electron Identification and Reconstruction Efficiency

The electron efficiency measurement is using a data-driven tag-and-probe method. The tag is

defined as a tight ID electron for Z→ ee and J/ψ → ee measurement. For W → eν measurement,

the tag is high Emiss
T . The selection cuts can be applied to the probe electron which is another

electron in the event. This is designed to select a unbiased probe electron sample.

The electron identification efficiency is the selection efficiency for electron ID like medium and

tight. The most important systematic uncertainty is from the background subtraction in probe sam-

ple. The background can be from jet-faked electrons. The uncertainty of discriminating variable

for background determination can be the first source of background (mee for Z events and isolation
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Figure 7.1 The mapped mT distributions for SM WW background in signal region with
electron energy resolution systematics. Only shape variations are shown in plots. The
systematic distributions are normalized to the nominal distributions. The binning of mT
is chosen to have a flat total background.
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for W events). The second source is the method of background subtraction. The W → eν case, the

background modeling uncertainty is obtained by changing the calorimeter isolation criteria.

The electron reconstruction efficiency measures the electron track reconstruction and cluster

to track matching efficiency. The electron reconstruction efficiency is also using tag-and-probe

method as describe in Section 7.1.2. The possible bias of this measurement is also the background

subtraction which is estimated using Monte Carlo closure test.

The electron identification efficiency systematic and electron reconstruction efficiency system-

atic are treated as uncorrelated error and summed in quadrature.

7.2 Muon Systematic

7.2.1 Muon Momentum Resolution

Muon momentum is measured by the Inner Detector (ID) and Muon Spectrometer (MS) [40]. The

muon momentum resolution is related to the track momentum resolution measured in ID and MS.

The momentum resolution in MS can be parametrized as

σ(p)
p

=
pMS

0
pT
⊕ pMS

1 ⊕ pMS
2 · pT . (7.3)

pMC
0 , pMC

1 and pMC
0 are the coefficients related to energy loss in calorimeter, multiple scattering

and intrinsic resolution terms respectively. The ID momentum resolution within |η | < 1.9 can

parametrized as,
σ(p)

p
= pID

1 ⊕ pID
2 · pT , (7.4)

where pID
1 and pID

2 are the multiple scattering and intrinsic resolution term. For |η | > 1.9 region,

an additional term 1/ tan2 θ is added into the Eq. 7.4.

There are two methods to measure the resolution. One is using di-muon invariant mass for

Z→ µµ events. A convolution of Z lineshape and two Gaussian functions is used to fit the mµµ



7.2 Muon Systematic 117

spectrum. Another method is assign W → µν events in which only one muon is measured. The

momentum difference in ID and MS will be used to determine the muon momentum resolution. A

combined fitting technique [40] is used for final muon momentum resolution.

The sources of uncertainties can come from the ID multiple scattering term (pID
1 ) and align-

ment of muon chambers in transition region. The first uncertainty is estimated by using fixed pID
1

(expected value) in the combined fitting procedure. The second uncertainty is obtained by remov-

ing all the muons within transition region 1.05 < |η |< 1.2 in sample. Fig. 7.2 is showing the MS

resolution shape systematic in WW background.
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Figure 7.2 The mapped mT distributions for SM WW background in signal region with
muon spectrometer resolution systematics. Only shape variations are shown in plots. The
systematic distributions are normalized to the nominal distributions. The binning of mT
is chosen to have a flat total background.
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7.2.2 Muon Reconstruction Efficiency

The muon reconstruction efficiency is measured with tag-and-probe method which is mentioned

in Section 7.1.3. The method is using Z → µµ events. One of the muon must be a Combined

(CB) muon which is called tag muon. The probe object should be stand-alone muon to measure

ID efficiency. If the MS and matching efficiency is to be measured, the probe object must be an

inner detector track. The systematic uncertainty is obtained by varying the selection cuts on the Z

mass window range and the pT of probe objects within its resolution.

7.3 Jet Systematic

7.3.1 Jet Energy Scale

The jet energy scale (JES) calibration is described in Section 3.2 and in [29]. The baseline calibra-

tion for all the jets with |η |> 0.8 is using the JES uncertainty from 0.3 < |η |< 0.8 region where

the detector geometry is better understood and test-beam measurement can be used. The jets in

other part of detector will be calibrated with respect to the jets in central region. The sources of

JES uncertainties can be :

1. Jet calibration method : The calibration from jet energy response and jet pT response give

different calibration constants. That is because the calibrated jet mass is not close to the truth

jet mass. The difference between the two calibrations is taken as a systematic. It is about 2%

for jets with pT < 30 GeV and less than 1% for jets with pT > 30 GeV.

2. Detector simulation : The calorimeter cell noise mis-modeling in Monte Carlo simulation

and additional detector material. The modeling of fragmentation in Monte Carlo generators

is another source of systematic in detector simulation.
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3. Calorimeter response : Single particle measurements (single hadron using track response

and pion response from test-beam) are used to calibrate the calorimeter response. The un-

certainties can be from low pT particle which does not pass noise thresholds, calorimeter

non-linearity and longitudinal leakage, calorimeter response to neutral hadrons.

4. Relative calibration : The uncertainties from in situ intercalibration. The method is described

in Section 3.3.

5. Pile-up effects : Jets are corrected for pile-up effects which is mentioned in Section 3.2.3.

The uncertainty of this procedure can be estimated by measuring jet response in the function

of number of primary vertices.

The JES systematic is obtained by varying the pT of each jet. Fig 7.3 is showing the effect of

jet energy scale systematic on the shape of mapped mT distributions for Z+jets sample. Fig 7.4 is

for WW background.

7.3.2 Jet Energy Resolution

The jet energy resolution (JER) can be parametrized as

σpT

pT
=

N
pT
⊕ S
√

pT
⊕C, (7.5)

where N is the noise term, S is the sampling term and C is the constant term. Two methods are used

for JER measurement [61]. One is di-jet balance method which is using QCD di-jet sample. The

asymmetry between the two jets are used to determine the JER. The uncertainty from this method

is about 8%. The other method, bi-sector method, has about 7% systematic uncertainty for 25 GeV

jet. The final systematic affected by JER systematic is evaluated by smearing the jet pT with 1 σ

error for JER measurement. The shape variations for jet energy resolution on tt̄ background are

shown in Fig. 7.5.
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Figure 7.3 The mapped mT distributions for Z+jets background in signal region with
jet energy scale systematics. Only shape variations are shown in plots. The systematic
distributions are normalized to the nominal distributions.
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Figure 7.4 The mapped mT distributions for SM WW background in signal region with
jet energy scale systematics. Only shape variations are shown in plots. The systematic
distributions are normalized to the nominal distributions.
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Figure 7.5 The mapped mT distributions for tt̄ background in signal region with jet en-
ergy resolution systematics. Only shape variations are shown in plots. The systematic
distributions are normalized to the nominal distributions.
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7.4 b-tagging Efficiency

The b-tagging efficiency measurements can be found in [62] and [15]. The b-tagging efficiency is

defined as

εbtag =
Ntagged b-jets

Nb-quark jets
, (7.6)

where Ntagged b-jets is the number of jets tagged by ATLAS b-tagging algorithm and Nb-quark jets is

the number b-quark jets. The light jets can also be tagged as b-jets by mistake which is called

mis-tag rate :

rmistag =
Ntagged b-jets

Nlight-quark jets
. (7.7)

There are different methods to measure b-tagging efficiency.

7.4.1 The prel
T Method

The prel
T method is using a sample with b-jets in which each jet contains a muon. The variable prel

T ,

which is defined as the relative momentum of muon with respect to the muon jet axis, is used in this

method. Muons from b-hadron decays tend to have harder spectrum than muons from light-flavor

jets. Fitting templates are obtained from b-jet, c-jet and light-flavor jets spectra separately from

simulated Monte Carlo. Then relative fractions of different components are obtained by fitting the

data using the combined fitting functions. The fraction of b-jets before and after the fitting will

give the b-tag efficiency.

7.4.2 The System8 Method

The system8 method is using three independent selection criteria on a given sample, which will

give eight uncorrelated observables. Those eight observables will be sufficient to solve a system of

equations with eight unknowns : the number of b and non-b jets in given sample, the efficiency for
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b and non-b jets to pass each of those three selection criteria. More information about this method

can be found in Ref. [63].

In this analysis, the prel
T and system8 methods are combined to get the final b-tagging efficiency

uncertainty.

7.4.3 Other Methods

The D∗µ method is using b→ XµD∗ → XµD0(→ Kπ)π decay to get a b-jets sample. There

are two methods (Tag Counting and Kinematic Selection) using tt̄ sample. The branching ratio

of t →Wb is close to one. So each tt̄ event should have two b-jets in before going into detector.

Tag Counting method is using number of events by selecting zero, one or two b-tagged jets to

get the b-tagging efficiency. Kinematic Selection method selects the events to get a high-purity tt̄

sample. The b-tagging efficiency will be obtained by number of tagged jets and the rest of jets in

the event. A inclusive jet sample is used to get the mis-tag rate by two methods, SV0 mass method

and negative tag method. Detail information about the systematic for different methods can be

found in [62]. Fig. 7.6 shows the b-tagging efficiency systematic for tt̄ background.

7.5 Emiss
T

Emiss
T reconstruction is described in Section 4.3. Uncertainties from different Emiss

T terms determine

the final Emiss
T systematic. The uncertainties from energy scale and resolution of leptons and hard

jets (p jet
T > 25 GeV) are propagated to Emiss

T . The systematic from Emiss,CellOut
T can be from event

generator modeling and calorimeter response. Emiss,CellOut
T is sensitive to the different tunings of

underling events and different shower models for hadronic interaction in detector simulation. The

calorimeter response uncertainty can be evaluated using single hadron response. The topocluster

with different energy scale will lead to different Emiss,CellOut
T . And the differences between varia-
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Figure 7.6 The mapped mT distributions for tt̄ background in signal region with b-tagging
efficiency systematics. Only shape variations are shown in plots. The systematic distri-
butions are normalized to the nominal distributions.
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tions can be considered as systematic uncertainty. The systematic from Emiss,SoftJets
T is estimated

using the similar methods [14]. The systematic of Emiss,CellOut
T and Emiss,SoftJets

T for WW back-

ground is shown in Fig 7.7. The Emiss,CellOut
T and Emiss,SoftJets

T are combined into AllClusters as

being fully correlated.
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Figure 7.7 The mapped mT distributions for SM WW background in signal region with
Emiss,CellOut

T and Emiss,SoftJets
T systematics. Only shape variations are shown in plots. The

systematic distributions are normalized to the nominal distributions. The Emiss,CellOut
T and

Emiss,SoftJets
T systematics are combined into AllClusters as being fully correlated.

7.6 Trigger

The electron trigger efficiency measurement is using tag-and-probe method [1]. The systematic can

come from the background contamination, trigger-offline matching and the probe object definition.
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The muon trigger efficiency is also using a tag-and-probe method and the different sources of

systematic uncertainty can be found in [64]. The electron and muon trigger efficiency systematic

uncertainties are treated as uncorrelated error in eµ channel.

7.7 Summary Tables for Detector Systematic

The overall normalization systematic effects are show in Table 7.1 for 0-jet channel and Table 7.2

for 1-jet channel, In general, jet energy resolution and jet energy scale systematics have large

effects on almost all the samples. The uncertainty on WW background comes from jet systematic

and Emiss
T systematic mainly.

7.8 Luminosity Uncertainty

The instantaneous luminosity of a proton-proton collider can be written as,

L =
µnb fr

σinel
, (7.8)

where µ is the average number of inelastic interactions per bunch crossing, nb is the number of

colliding bunches, fr is the machine revolution frequency and σinel is the proton-proton inelastic

cross section. The detector can only measure the visible interactions. Eq. 7.8 can be rewritten as,

L =
µvisnb fr

σvis
, (7.9)

where σvis = εσinel is the average number of visible interactions per bunch crossing. σvis is the

visible cross section which is measured by vdM scan [25]. The uncertainty from different sys-

tematic sources are summarized at Table 7.3. The total systematic uncertainty from luminosity

measurement is 3.7% [2].
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[%] Signal [125 GeV] SM WW WZ/ZZ Wγ tt̄ Single Top Z+jets

ElecResolutionDown 0.08 -0.06 0.81 0.97 -0.35 0.41 0.00

ElecResolutionUp -0.10 -0.01 -0.23 -2.97 0.39 -0.41 -1.17

ElecScaleDown -0.54 -0.26 0.00 -3.25 -0.19 -0.41 -1.17

ElecScaleUp 0.64 0.11 0.46 1.95 -0.04 0.35 2.81

JERUp -1.61 -1.63 -0.69 0.69 1.78 1.65 -11.88

JESDown 4.38 3.31 4.73 10.76 25.50 16.78 21.14

JESUp -5.92 -4.75 -5.08 -3.78 -21.94 -18.67 -28.62

MuonScale 0.44 0.06 1.50 1.83 -0.15 0.00 2.39

MSLOW -0.03 -0.03 -0.12 0.00 0.00 0.00 0.65

MSUP 0.00 -0.01 -0.12 0.00 0.15 0.00 0.00

IDLOW -0.05 -0.02 -0.46 0.00 0.15 0.00 0.00

IDUP 0.00 -0.00 0.00 0.00 0.00 0.00 0.65

AllClustersDown 1.51 0.96 1.04 2.72 -0.50 2.94 -8.09

AllClustersUp -1.51 -0.85 -1.96 -1.54 -0.12 -0.88 19.18

PileUpDown 0.92 0.56 0.81 2.92 -0.46 1.71 -5.10

PileUpUp -0.92 -0.56 -0.58 -1.91 0.04 0.29 6.74

ElecEffDown -1.54 -1.45 -1.15 -2.27 -1.43 -1.53 -0.80

ElecEffUp 1.56 1.46 1.27 2.27 1.43 1.59 0.84

MuonEffDown -1.64 -1.55 -1.85 -1.34 -1.51 -1.41 -2.25

MuonEffUp 1.72 1.55 1.73 1.38 1.55 1.41 2.25

BtagDown 0.00 0.00 0.00 0.00 0.46 0.12 0.00

BtagUp 0.00 0.00 0.00 0.00 -0.46 -0.06 0.00

CtagDown 0.00 0.00 0.00 0.00 0.00 0.00 0.05

CtagUp 0.00 0.00 0.00 0.00 0.00 0.00 -0.09

MtagDown 0.03 0.03 0.00 0.04 0.08 -0.06 0.19

MtagUp -0.03 -0.03 -0.12 -0.04 -0.12 0.12 -0.19

TriggerDown -0.67 -0.53 -0.58 -0.89 -0.58 -0.53 -0.89

TriggerUp 0.64 0.52 0.58 0.93 0.54 0.53 0.89

Table 7.1 Normalization variations in percentage due to different detector systematic for
signal and backgrounds in 0-jet channel.
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[%] Signal [125 GeV] SM WW WZ/ZZ Wγ tt̄ Single Top Z+jets

ElecResolutionDown 0.10 -0.18 0.00 -4.18 0.24 0.25 1.83

ElecResolutionUp 0.00 -0.06 0.00 0.00 -0.03 0.19 0.00

ElecScaleDown -0.30 -0.06 -0.92 -4.18 0.17 -0.38 0.00

ElecScaleUp 0.40 -0.18 0.92 0.00 0.28 0.51 0.00

JERUp 0.59 1.02 -2.45 -3.16 -3.23 -0.19 34.96

JESDown -5.84 -7.11 0.92 -23.42 11.05 0.44 -4.01

JESUp 5.64 9.87 3.98 -0.31 -13.59 -3.22 19.70

MuonScale 0.30 0.16 0.31 2.65 0.14 -0.19 1.92

MSLOW 0.10 -0.06 0.00 0.00 0.24 0.00 0.00

MSUP 0.00 0.02 0.31 0.00 0.17 0.00 1.92

IDLOW 0.10 -0.02 0.31 0.00 0.00 0.00 0.00

IDUP 0.00 0.06 0.00 0.00 0.17 0.00 0.00

AllClustersDown 7.02 5.53 12.84 1.02 8.45 8.53 3.23

AllClustersUp -7.81 -5.54 -7.65 -7.64 -9.38 -7.58 14.91

PileUpDown 4.45 3.33 5.50 0.31 5.11 5.12 -8.11

PileUpUp -5.04 -3.53 -2.45 -9.37 -5.74 -4.17 10.64

ElecEffDown -1.78 -1.43 -1.53 -2.24 -1.39 -1.39 -1.13

ElecEffUp 1.38 1.45 1.83 2.34 1.43 1.39 1.22

MuonEffDown -1.58 -1.59 -1.22 -1.22 -1.56 -1.45 -2.01

MuonEffUp 1.68 1.57 1.83 1.22 1.60 1.52 2.01

BtagDown 0.10 0.06 0.00 0.00 16.23 13.01 0.00

BtagUp -0.10 -0.04 0.00 0.00 -16.06 -13.01 0.00

CtagDown 0.20 0.24 0.61 0.41 0.07 0.06 0.70

CtagUp -0.30 -0.24 -0.31 -0.41 -0.03 -0.13 -0.70

MtagDown 0.59 0.72 0.61 0.71 0.21 0.38 0.70

MtagUp -0.59 -0.72 0.00 -0.61 -0.17 -0.38 -0.61

TriggerDown -0.49 -0.57 0.00 -0.81 -0.52 -0.57 -0.78

TriggerUp 0.59 0.55 0.61 0.81 0.56 0.51 0.78

Table 7.2 Normalization variations in percentage due to different detector systematic for
signal and backgrounds in 1-jet channel.
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Uncertainty Source δL /L

vdM Scan Calibration 3.4%

Afterglow Correction 0.2%

Long-term consistency 1.0%

µ Dependence 1.0%

Total 3.7%

Table 7.3 Relative uncertainty on the luminosity calibration [2].

7.9 Theoretical Uncertainties

7.9.1 αWW for WW Background

The analysis is using MC@NLO [52] generator to model the WW background. The first system-

atic from αWW is the comparison between different generators. Here MCFMv6.0 [65] is used to

compare with MC@NLO. The difference is

α(MC@NLO)
α(MCFM)

= 0.980. (7.10)

Different PDF sets are used to get the variation of αWW . Table 7.4 shows the variation of αWW

calculated using PDF spanning within the CTEQ6.6 errors. Table 7.5 shows the effect of changing

renormalization scale (µR) and factorization scale (µF ) in MC@NLO. More detail about theoretical

systematic can be found in Ref. [66].



7.9 Theoretical Uncertainties 131

CTEQ 6.6 error set

α
0j
WW 2.5%

α
1j
WW 2.6%

Table 7.4 The α parameters computed using different PDF sets and spread obtained span-
ning on the CTEQ6.6 error set [3].

scale PDFs modelling

α
0j
WW 2.5% 3.7% 3.5%

α
1j
WW 4% 2.9% 3.5 %

Table 7.5 Scale, PDFs and modelling uncertainties on WW extrapolation parameters α

for the NLO qq,qg→WW process [3]..



Chapter 8

Limit Setting

In the analysis of searching new physics, it is necessary to find a statistic procedure to make

a quantified estimation on whether observed data is consistent with background only model or

observed data is consistent with background plus signal model.

8.1 Statistical Model

The simplest case is event counting analysis with only one channel. The number of observed data

should be Possion distribution with mean value,

E[n] = µs+b, (8.1)

where n is the number of observed events, µ is the signal strength parameter and b is the expected

number of background events. µ is the parameter of interest in this measurement. The model

with µ = 0 is background only model. And the model with µ = 1 is signal plus background

model. The other parameters, where are not the purpose of this measurement, are called nuisance

parameters. The background can be estimated from Monte Carlo generators. But the uncertainties

from MC estimation are very large for most of the cases. One needs an auxiliary control region
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measurement.The control region is used to control the background in the signal region. Or one

can say the control region is used to contraint the nuisance parameters in this measurement. The

number of observed data in control region is Possion distribution with mean value,

E[m] = τb, (8.2)

where τ is the ratio between number of background events in control region and the number of

background events in signal region.

The likelihood function for this measurement is,

L(µ,θ) =
(µs+b)n

n!
e−(µs+b) (τb)m

m!
e−τb, (8.3)

where θ presents all the nuisance parameters. The log-likelihood function is,

lnL(µ,θ) = n ln(µs+b)− (µs+b)+m ln(τb)− τb+C, (8.4)

where C is constant term. Since all the channels are statistic independent, it is easy to get the full

likelihood function with all channels :

L(µ,θ) = ∏
i

Li(µ,θi). (8.5)

In H→WW (∗)→`ν`ν analysis, there are three flavor channels (ee, eµ and µµ), three jet chan-

nels (0-jet, 1-jet, 2-jet). The transverse mass spectrum mT is used for limit setting. In order to re-

duce the effect of MC statistic limitation, the mT is binned that the total expected background spec-

trum is flat in different channels. The number of bins is 5 in 0-jet channel, 3 in 1-jet channel and 1

in 2jet channel due to MC statistics. Therefore, the likelihood function for H→WW (∗)→`ν`ν is,

L(µ,θ) = { ∏
k=ee,eµ,µµ

N jets

∏
j=0

Nbins

∏
i=1

P(Ni jk|µsi jk +
Nbg

∑
l

bi jkl)}×{
Nθ

∏
i=1

N(θ̃ |θ)}, (8.6)

where N jets is the number of jet channels, Nbins is the number of bins, Ni jk is the number of observed

events in signal region, si jk is the number of expected signal events, bi jkl is the number of expected

background events from different type of background, Nbg is the number of background types,

N(θ̃ |θ) is the term for nuisance parameters.
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8.2 Test Statistics

µ
q

)µ|µf(q
’]µ|µmed[q

’)µ|µf(q
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x

(x
)

ϕ
Z
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(b)

Figure 8.1 (a) Determination of a p-value of a hypothesized value of µ . The area of
shaded region is p-value. (b) Illustration of the correspondence between the significance
Z and a p-value [17].

The H→WW (∗)→`ν`ν is using profile likelihood ratio as the test staticstics,

λ (µ) =
L(µ, ˆ̂

θ(µ))
L(µ̂, θ̂)

, (8.7)

where ˆ̂
θ denotes the value of θ that maximizes L for fixed µ , θ̂ is the maximum-likelihood esti-

mator of θ . If λ (µ) is close to one, it means data has good agreement with the hypothesis with

signal strength µ value. Usually the log-likelihood ratio,

qµ = −2lnλ (µ), (8.8)

is used for convenience. If qµ is higher, the agreement between data and model is worse. qµ has a

sampling distributions f (qµ |µ). A p-value is defined to quantify the difference between data and

model,

pµ =
∫

∞

qµ ,obs
f (qµ |µ)dqµ , (8.9)
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where qµ ,obs is the observed test statistics value. This is illustrated in Fig. 8.1a where the shade

area is is p-value.

8.2.1 Treatment For Discovery

For discovery, it needs to reject background only hypothesis (µ = 0). The p-value will give the

disagreement between observed data and Standard Model only hypothesis,

p0 =
∫

∞

q0,obs
f (q0|0)dq0. (8.10)

The p-value can be converted to significance :

Z = Φ
−1(1− p), (8.11)

where Φ is the cumulative distribution for standard Gaussian distribution. This is illustrated in

Fig. 8.1b.

One can quantify the ability to discover a new model before seeing real data. The median

significance is obtained with the hypothesis µ = 1.

8.2.2 Treatment For Exclusion

Unfortunately not all the physics search can result a discovery. In this case, one can get the p-value

none-zero µ hypothesis to reject them. This is done by getting p-value for different µ . The set of

µ with p-value bigger than 1 - CL (confidence level), will be obtained. And the smallest µ is the

CL upper limit for one kind of sampling.

If the µ ≥ 0, the λ can be rewritten as,

λ̃ (µ) =


L(µ, ˆ̂

θ(µ))
L(µ̂,θ̂)

µ̂ ≥ 0,

L(µ, ˆ̂
θ(µ))

L(0, ˆ̂
θ(0))

µ̂ < 0 ,

(8.12)
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For the purpose of upper limit setting, the upward fluctuation of data, which gives µ̂ > µ , will

not be counted because it will be compatible with large µ values. The test statistics q̃µ is defined

as,

q̃µ =

 −2ln λ̃ (µ) µ̂ ≤ µ

0 µ̂ > µ

=


−2ln L(µ, ˆ̂

θ(µ))

L(0, ˆ̂
θ(0))

µ̂ < 0 ,

−2ln L(µ, ˆ̂
θ(µ))

L(µ̂,θ̂)
0≤ µ̂ ≤ µ ,

0 µ̂ > µ .

(8.13)

8.3 CLs

A modified frequentist method CLs [67] is used for limit setting. The CLs is obtained from the

ratio of p-values,

CLs =
ps+b

1− pb
, (8.14)

where ps+b is the p-value for signal plus background sampling distribution and pb is the p-value

for background only hypothesis. Different µ values are used to construct CLs and the solution of

µ for CLs = 0.05 will be the 95% CL upper limit.

8.4 Asymptotic Sampling Distributions

In order to get the p-value of a hypothesis, one has to obtain the sampling distribution f (qµ |µ).

Throwing toy MC can generate sampling distributions. But it requires lots of CPU time. For a

sufficiently large data sample, the f (qµ |µ) is found to approach [68],

f (q̃µ |µ) =
1
2

δ (q̃µ)+


1
2

1√
2π

1√
q̃µ

e−q̃µ/2 0 < q̃µ ≤ µ2/σ2 ,

1√
2π(2µ/σ)

exp
[
−1

2
(q̃µ+µ2/σ2)2

(2µ/σ)2

]
q̃µ > µ2/σ2 .

(8.15)
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8.5 Results

No significant excess is found in this analysis with 4.7 fb−1 ATLAS data. Fig. 8.2 is showing

the upper limits at 95% confidence level for full Higgs mass range. A Standard Model Higgs

boson with a mass range from 133 GeV to 258 GeV is excluded at 95% confidence level. The

expected exclusion range is from 127 GeV to 233 GeV. A set of private limits results is shown in

Appendix B.
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Figure 8.2 Expected (dashed) and observed (solid) 95% CL upper limits on the cross
section, normalized to the SM cross section, as a function of mH . The top plot is for full
mass range. The bottom one is regstricted to the range mH < 150 GeV. The green and
yellow regions are the ±1σ and ±2σ uncertainty bands for expected limit.



Chapter 9

Conclusion and Outlook

A search for the Standard Model Higgs boson decaying two W bosons with di-lepton final states

is performed using proton-proton collision data at center-of-mass energy of 7 TeV. The data is

collected by ATLAS detector during 2011 and corresponding to an integrated luminosity 4.7fb−1.

Events with exactly two opposite charge leptons are pre-selected. The data are triggered by

single electron or single muon triggers. The leading lepton pT , which triggers the event, is required

to be bigger than 25 GeV. The sub-leading lepton pT is required to be bigger than 15 GeV. There are

five major backgrounds for H→WW (∗)→`ν`ν analysis : QCD multi-jets, W+jets, Drell-Yan, Top

and di-boson production. The QCD multi-jets and W+jets events can be an important background

if a jet is mis-identified as a lepton. The probability of jet fake as lepton is measured in multi-

jets samples and the fate rate is applied to W+jets rich sample. Drell-Yan (γ∗, Z, ϒ) background

can be suppressed by a di-lepton invariant mass cut (|mll−mZ|> 15 GeV, mee > 12 GeV, mµµ >

12 GeV, and meµ > 10 GeV). The Drell-Yan background will be further reduced by a Emiss
T,rel cut. The

systematics from WW (in zero and one jet channels) and Top one jet backgrounds are constrainted

by corresponding control regions. The other di-boson production (WZ, ZZ, Wγ) is estimated by

Monte Carlo simulation. The Top quark production in zero jet channel is estimated by a data-driven

method.
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Limit setting is using profile likelihood ratio as test statistics. CLs method is used to get the

upper limits. No significant excess is found in this analysis with current data. A Standard Model

Higgs boson with a mass range from 133 GeV to 258 GeV is excluded at 95% confidence level.

The expected exclusion range is from 127 GeV to 233 GeV.

A combination of Standard Model Higgs searches with ATLAS detector is present [69] in

which an integrated luminosity of 4.6 to 4.9 fb−1 collision data is used. The Standard Model

Higgs exclusion ranges are 110 GeV to 117.5 GeV, 118.5 GeV to 122.5 GeV and 129 GeV to

539 GeV. There is an excess at mH = 126 GeV with local significance of 2.5σ . In 2012, Large

Hadron Collider will run at center-of-mass energy of 8 TeV. The expected integrated luminosity

will be more than 10 fb−1. H→WW (∗)→`ν`ν will continue to play an important role in the

low mass Standard Model Higgs search. Hopefully, the low mass Standard Model Higgs can be

discovered or excluded with 2012 data.



Appendix A

SVD Unfolding Method

The detector effects can distort the measured spectrum in experiments, like pT , invariant mass.

It is very difficult to compare the experimental measurement and theoretical predictions. In the

nominal inclusive jet analysis, a bin-by-bin unfolding method is used. That method is very simple.

It takes the ratio of physics truth and the detector simulation spectrum. The ratio will be used to

unfold the measurement in experiments. This method doesn’t take into account the correlation

between different bins. Besides bin-by-bin, Singular Value Decomposition(SVD) is also used in

experiments to unfold spectrum. This method was proposed in [70].

A.1 The Unfolding Problem

The measured spectrum of a physical observable is usually distorted by detector effects, such

as finite resolution and limited acceptance. A comparison of the measured spectrum with that

predicted by theory requires a removal of these effects to obtain the truth, physical spectrum. This

is called unfolding.

One can use the equation to describe the problem.

Âx = b (A.1)
141



A.2 Singular Value Decomposition 142

where x is the truth physics spectrum, Â is a matrix. b is the measured data. The matrix element

Âi j represents the probability for an event with a true value in bin x j to be measured with a value

in bin bi.

If your Monte Carlo can describe the detector effects very well, you can use equation to deter-

mine the matrix Â.

Âxini = bini (A.2)

Technically, the matrix element is determined by taking the number of events that falls into bin j

of xini and bin i of bini at the same time, and by dividing this number by the number of events in bin

j of xini. Then you can use Â to solve the equation A.1, by applying x = Â−1b. Unfortunately this

is a kind of ill-posed problem in mathematics. The result will be nonphysically oscillating. That’s

why we have to explore the method to solve this problem.

A.2 Singular Value Decomposition

Actually Singular Value Decomposition(SVD) is a method to get the inverse of a matrix. Any

real (nb× nx) matrix Â can be decomposed into a diagonal (nb× nx) matrix S with non-negative

elements and two orthogonal matrices U and V .

Â = USV T , Â−1 = V S−1UT (A.3)

Right now you can use

x = Â−1 b = V S−1UT b (A.4)

to get your truth spectrum. This is called matrix inverse. If you look at the result, you can find the

spectrum is oscillating. In order to find out the effect, we can do this kind of transformation. We

can expand b using the matrix U and expand x using matrix V . We can have,

Ud = b, V z = x (A.5)



A.3 Rescaling 143

You can combine A.4 and A.5.

z = V T x = V T Â−1Ud = S−1d, −→ zi =
di

si
(A.6)

So you can see the final result is

x = V z = V
d
S

(A.7)

The performance of your final result is related to V , d and S. Small values of S can contribute the

oscillation. Then we need regularization to suppress the oscillation.

A.3 Rescaling

If the linear system is (almost) overdetermined, the equation should be treated as least-squares

problem.

∑
i
((Âx)i−bi)2 → min. (A.8)

We can do this kind of scaling,

ω j =
x j

xini
j

, Ai j = Âi jxini
j (A.9)

And the new system is,

Aω = b (A.10)

Then Ai j is no longer the probability, but the number of events. At the end of unfolding procedure

one has to multiply the unfolding vector ω by xini.

Since in general, the errors on b are unequal, different equations have different weights for the

solution. So it’s natural to weight the equation as,

∑
i
(
(Ax)i−bi

∆bi
)2 = min. (A.11)

In general the Eq. A.11 is,

(Ax−b)T B−1(Ax−b) = min. (A.12)
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If B is not diagonal, the equations can be scaled like this. Because B is symmetric and positive

definite,

B = QRQT , Rii = r2
i , B−1 = QR−1QT (A.13)

Substituting B−1 to Eq. A.12, one can rotate and rescale b and A.

Ãi j =
1
ri

∑
i

QrimAm j, b̃i =
1
ri

∑
i

Qimbm (A.14)

After that, the system we want to solve is,

Ãω = b̃ (A.15)

The covariance matrix of rescaled equation equals to unit matrix.

A.4 Regularization

If we solve Eq.A.15, the result will still be oscillating. One can use a prior knowledge about the

solution to suppress the oscillation. We can add a regularization to the result.

(Ãω− b̃)T (Ãω− b̃)+ τ(Cω)T (Cω)→ min. (A.16)

C is a matrix which defines the a prior condition on the solution, while the value of regularization

parameter τ defines the relative weight of this solution.

Effectively, this expression favors solutions ω that solve the liner system (A.15) and also

fulfill the additional condition to have Cω small.

A.4.1 Determine C

The second derivative of a discrete distribution ω can be defined,

ω
′′
j =

ω
′
j+1−ω

′
j

∆ω j
=

1
(∆ω j)

(
ω j+2−ω j+1

∆ω j+1
−

ω j−ω j

∆ω j
) =

1
(∆ω j)2 (ω j+2−2ω j+1 +ω j) (A.17)
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One can define the curvature of c of a discrete distribution as the sum of squares its second deriva-

tives,

c = ∑
i
(ω j+1−2ω j +ω j−1)2

One can choose

C×ω =



−1 1 0 0

1 −2 1 0

0 1 −2 1

0 0 1 −1


×



ω1

ω2

ω3

ω4


=



−ω1 +ω2

ω1−2ω2 +ω3

ω2−2ω3 +ω4

ω3−ω4


(A.18)

In general, one can define

C =



−1 1 0 0 . . .

1 −2 1 0 . . .

0 1 −2 1 . . .

. . . . . .

. . . 1 −2 1

. . . 1 −1


(A.19)

will suppress solution ω having large curvatures, which leads to a new system. Ã
√

τ ·C

w =

 b̃

0

 . (A.20)

One can use SVD method to solve the equation A.20. In order not to do this for every τ , one

can re-define the equation as,  ÃC−1

√
τ · I

C w =

 b̃

0

 . (A.21)
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In order to inverse C, one can add a small ξ ∼ 10−3, or 10−4, to C.

C =



−1+ξ 1 0 0 . . .

1 −2+ξ 1 0 . . .

0 1 −2+ξ 1 . . .

. . . . . .

. . . 1 −2+ξ 1

. . . 1 −1+ξ


(A.22)

Let us now solve the system (A.21) with τ = 0. First, one needs SVD to decompose the product

of matrices ÃC−1:

ÃC−1 = U SV T . (A.23)

U and V are orthogonal and S is diagonal, with non-increasing positive diagonal elements si. Rotate

both b̃ and Cw to obtain a diagonal system:

d ≡UT b̃ , z≡V TC w. (A.24)

The system now looks very simple. One can read equations (A.3, A.4, A.5, A.6).

si · zi = di (A.25)

Note that because the covariance matrix of the r.h.s. b̃ was made equal to the unit matrix, the

orthogonality of U guarantees that the new rotated r.h.s. d also has a unit covariance matrix, i.e.

the equations in (A.25) are completely independent and have identical unit errors in their r.h.s.

Obviously, solving (A.25) one obtains the exact solution of the non-regularized system:

z(0)
i =

di

si
, w(0) = C−1V z(0) (A.26)

Introducing non-zero τ is effectively equivalent to changing di by a regularized distribution:

d(τ)
i = di

s2
i

s2
i + τ

, (A.27)
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so that the solution of the rotated system becomes

z(τ)
i =

di si

s2
i + τ

, w(τ) = C−1V z(τ). (A.28)

One can now see how nonzero τ regularizes the singularities due to small si’s, effectively working

as a cutoff for a low-pass filter, if Fourier-transform terminology is used. Indeed, si is small

when the index i is large, which in general corresponds to quickly oscillating singular vectors

(i.e. columns of U and V ) defining the new basis in the rotated space.

Because d has a unit covariance matrix, the covariance matrix for z is,

Z(τ)
ik =

s2
i

(s2
i + τ)2 ·δik (A.29)

The property of covariance matrix is,

n = M k, Vn = MVk MT (A.30)

The covariance matrices W is,

W (τ) = C−1V Z(τ)V T CT−1 (A.31)

Now in order to obtain the true unfolded distribution x and its covariance matrix X one has to

multiply w and W by the initial Monte Carlo distribution xini:

x(τ)
i = xini

i w(τ)
i , (A.32)

X (τ)
ik = xini

i W (τ)
ik xini

k . (A.33)

A.5 Error Determination

1. You can use the covariance matrix Xτ in Eq. A.33 to get the error of your unfolding results.

ei =
√

Xτ
ii

2. Or you can get the error of your unfolding results by varying the input data spectrum within

error.



Appendix B

Private Limits Results

ATLAS Higgs to WW group has produced official ATLAS limits which are shown in Fig. 8.2. I

am using my own analysis code to produce another set of results which are shown in Fig. B.1. The

two sets of results are very close with each other.
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Figure B.1 Expected (dashed) and observed (solid) 95% CL upper limits on the cross
section, normalized to the SM cross section, as a function of mH . The top plot is for full
mass range. The bottom one is restricted to the range mH < 150 GeV. The green and
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Appendix C

Jet Vertex Fraction Study

The definition of Jet Vertex Fraction (JVF) is discussed in Section 5.5.3. One important feature

of LHC physics is that collision events are affected by high pile-up effects. In H→WW (∗)→`ν`ν

analysis, one has to rely on Monte Carlo samples to do background estimation or subtraction.

Therefore, whether Monte Carlo can describe data especially the pile-up effects in data, is crucial

for LHC physics. Fig. C.1 shows the JVF distributions after Emiss
T,rel cut where Top dominates the

background. Monte Carlo can not describe data well at region |JV F | < 0.75. That is why one

needs to cut on JVF to have better data MC agreement. Fig. C.2 shows the average number of jets

distributions in the function of primary vertices. With JVF cut, data and Monte Carlo have better

agreement in three flavor channels.
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Figure C.1 Jet Vertex Fraction distributions after Emiss
T,rel cut in ee (left), eµ (middle) and

µµ (right) channel. The integrated luminosity of data is 2 fb−1.
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