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Abstract

Supersymmetry (SUSY) is one of the most compelling theories to describe physics
beyond the Standard Model (SM). In the framework of R-parity conserving minimal
extension of the SM, supersymmetric particles are produced in pairs and the lightest
supersymmetric particle (LSP) is stable. Due to the mixing of the right-handed and
left-handed supersymmetric quarks, and the strong Yukawa coupling, the stops and
the sbottoms (supersymmetric partners of top and bottom quarks) are lighter than the
other supersymmetric quarks. Moreover, considering the “naturalness” of the Higgs
mass, the stop mass is expected to be order of several hundreds GeV even if other col-
ored supersymmetric particles are much heavier. If kinematically allowed, they could
be produced via direct pair production or from the decay of gluinos (supersymmet-
ric partner of gluons). This result in complex final states consisting of the missing
transverse momentum (from the LSP) and bottom-jets (from the decay of stops or
sbottoms).

In this thesis, searches for the stop and the sbottom will be presented focusing on
the most probable models using the proton-proton collisions at

√
s = 7 TeV recorded

by the ATLAS detector. The data with the integrated luminosity of about 2 fb−1

are used. Searches in four kinds of topologies have been performed; no-lepton multi-
jet selection, one-lepton multi-jet selection, no-lepton di-jet selection, and two-lepton
multi-jet selection optimized for each targeted SUSY model. None of them shows the
significant excess from the SM predictions. These results are used to set limits on
the several SUSY models. For the representative models, the following limits are set
especially on the lightest stop mass at 95 % confidence level;

• mt̃1 > 640 GeV in the mSUGRA model with tan β = 40, A0 = −500 GeV and
µ > 0,

• mt̃1 > 400 GeV with the χ̃0
1 LSP of mχ̃0

1
= 0 GeV and mt̃1 > 350 GeV with

m
χ̃0

1
= 120 GeV from the stop pair production with t̃1 → b+χ̃+

1 , χ̃+
1 → χ̃0

1+f+f ′,

but χ̃±1 and χ̃0
1 are degenerated.

• mt̃1 > 320 GeV with the next-to-LSP χ̃0
1 of mχ̃0

1
= 180 GeV and mt̃1 > 230

GeV with mχ̃0
1
> 91 GeV from the stop pair production in the light-gravitino

light-higgsino model with t̃1 → b + χ̃+
1 , χ̃+

1 → χ̃0
1 + f + f ′, and χ̃0

1 → Z/h + G̃,
χ̃±1 and χ̃0

1 are degenerated.

They are the most stringent limits obtained by the collider experiments and lead to
the strong limits on the naturalness of the Higgs mass in the supersymmetric models.
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Chapter 1

Standard Model and
Supersymmetry

1.1 Introduction

The Standard Model (SM) of particle physics describes well the known phenomena
below an energy scale of the order of 100 GeV. However, if we consider higher energies
up the to Grand Unified Theory (GUT) (ΛGUT ≈ 1016 GeV) or Planck scale (1.22 ×
1019 GeV), we encounter a number of problems.

One problem is why the electroweak energy scale and the GUT or the Planck scales
are so different. It is called hierarchy problem. This causes the problem on the Higgs
mass. Without any cancellation mechanisms, the Higgs mass can easily diverge by
the one-loop diagram contributions. It is also a problem that there is no appropriate
candidate of dark matter in the SM. Moreover, unification of gravity in the framework
of quantum field theory is not achieved in the SM.

Supersymmetry is one of the solutions which aim to solve these problems. In Chap-
ter 1, motivations to introduce supersymmetry will be explained. If supersymmetry
exists, supersymmetric partner particles of the SM particles exist. If supersymmetry
is not broken, they have the same masses and the same quantum numbers as the SM
partner particles. However, no such particles have been discovered. Therefore super-
symmetry must be broken by a certain mechanism. One of the feature of supersymme-
try is that it predicts light supersymmetric partners of the top and bottom quarks. In
R-parity conserving supersymmetry, the production of supersymmetric partners of the
top and bottom quarks results in a final state with b-jets and the missing momentum in
an event. In Chapter 2 the expected topologies from the production of supersymmetric
particles will be described.

Searches for the supersymmetric partners of the top and bottom quarks have been
performed using proton-proton collisions at

√
s = 7 TeV recorded by the ATLAS

detector installed at the LHC machine. In Chapter 3, outlines of the LHC and the
ATLAS detector are introduced. The collected data is compared with the Monte Carlo
simulation. The detector is reproduced in simulations and proton-proton collision
events are simulated for the SM processes and SUSY signals. In Chapter 4, the data
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and Monte Carlo simulation used for this analysis are described. For the production
of new physics models including SUSY, the fast calorimeter simulation is widely used
instead of the full GEANT4 simulation in ATLAS. I contributed to the development
and the validation of this fast simulation. This is also described in Chapter 4.

In Chapter 5, physics objects used in the analyses are defined. Chapter 6 shows
the details of analyses for each topology described in Chapter 2. The search results
are used to interpret several possible SUSY models in Chapter 7. Four searches are
presented there. Especially, two searches aimed at the direct pair production of stops
and sbottoms are my main work. I have contributed a lot on decisions of the event
selection for the SUSY signals and the methods for the SM background estimation.

Chapter 8 is the conclusion.

1.2 The Standard Model

In the Standard Model of particle physics, matter consists of quarks and leptons,
which are considered to be elementary particles. Quarks and leptons are classified
as fermions. There are six quarks (up, down, charm, strange, top, bottom) and six
leptons (electron, electron neutrino, muon, muon neutrino, tau, tau neutrino). Quarks
have color charge unlike leptons. There are thee kinds of colors, therefore three kinds
of quarks exist corresponding to each color. Quarks and leptons are also classified
into three generation. 1.1 shows these particles with their internal quantum numbers.
There are antiparticles corresponding to each particle which have the same mass and
opposite charge.

Figure 1.1: The list of Standard Model quarks, leptons and gauge bosons except for
the Higgs boson [1].
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1.2.1 Electroweak model and spontaneous symmetry break-
ing

The electromagnetic interaction and the weak interaction are unified under an SU(2)×
U(1) gauge group and referred to the electroweak interaction. The corresponding gauge
bosons are the three W i bosons (i = 1, 2, 3) of weak isospin from SU(2) where the i-th
W boson couples to Pauli matrices τi, and the B boson of weak hypercharge from U(1).
The corresponding gauge coupling constants are given by g and g′, respectively. The
left-handed fermion fields transform as doublets under SU(2) and the right-handed
fields are SU(2) singlets. These bosons and fermions are massless before symmetry
breaking. The Higgs field is a complex spinor of the group SU(2).

After spontaneous symmetry breaking, the W bosons acquire mass. The mass of
the charged W bosons W± ≡ (W 1 ± iW 2)/

√
2 is expressed by

mW =
1

2
vg, (1.1)

where v = 246 GeV is called the vacuum expectation value (VEV). The neutral weak
boson W 3 and B boson states are mixed and form the massless photon field A and the
massive Z boson field,

A = B cos θW +W 3 sin θW , (1.2)

Z = −B sin θW +W 3 cos θW (1.3)

where θW ≡ arctan(g′/g) is the electroweak mixing angle also known as the Weinberg
angle. The mass of the Z boson is given by

mZ =
1

2
v
√
g2 + g′2. (1.4)

The fermions also acquire mass from their coupling to the Higgs doublet by the
equation

mf =
Gfv√

2
. (1.5)

However, since Gf cannot be predicted from the theory, these values need to be deter-
mined from measurements for each particle.

After spontaneous symmetry breaking, only one physical neutral Higgs scalar field
remains.

1.2.2 Quantum chromodynamics

The strong interaction is formulated as Quantum Chromodynamics (QCD), which is
defined by the SU(3) gauge group. The strong interaction acts on the quarks and
gluons only. In QCD, there are three kinds of charge, called “color”. There are eight
types of gluons because QCD is SU(3) gauge group.

QCD has two distinct features:
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• Confinement

Although analytically unproven, it is widely believed that confinement of quarks
occurs in QCD. This is because free quarks have not been observed yet. They
are observed only in the composite states called hadrons. This can be possible
if the strong interaction between quarks does not diminish as they are separated
unlike the electromagnetic interaction.

When two quarks become separated, it is more energetically favorable for a new
quark-antiquark pair to spontaneously appear, than to allow them to be further
separated. As a result, when quarks are produced in particle accelerators, in-
stead of seeing the individual quarks, “jets” of many color-neutral particles are
observed. This process is called hadronization or fragmentation.

• Asymptotic freedom

In very high-energy reactions, the strong interaction becomes weak. This can
be derived by calculating the beta-functions describing the variation of the the-
ory’s coupling constant under the renormalization group. Calculation of the
beta-function involves the evaluation of Feynman diagrams contributing to the
interaction of a quark emitting or absorbing a gluon. In non-abelian gauge the-
ories, the existence of asymptotic freedom depends on the gauge group and the
number of flavors of interacting “quark”-like particles. To lowest nontrivial or-
der, the beta-function in SU(N) gauge theory with ngen kinds of generations is

β1(α) =
α2

2π

(
−11N

3
+
ngen

3

)
(1.6)

where α is the theory’s equivalent of the fine-structure constant, equals to g2/(4π).
If this function is negative, the theory is asymptotically free. For the strong in-
teraction, N = 3 and ngen = 3, therefore β1 < 0.

1.3 Problems of the Standard Model

1.3.1 Grand unification

It is known that if we extrapolate the running of the coupling constants of the three
forces (U(1)Y , SU(2)L, SU(3)C) to higher energy scales, no grand unification occurs.
It can be formulated as follows [2].

Define the three fine-structure constants, α1, α2 and α3 for the gauge groups U(1)Y ,
SU(2)L and SU(3)C , respectively by

α1 =
5

3

g′2

4π
=

5α

3
cos2 θW , (1.7)

α2 =
g2

4π
=

α

sin2 θW

, (1.8)

α3 =
g2

s

4π
(1.9)
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where α is the fine-structure constant for the electromagnetic interaction. To first
order, the reciprocals of the fine-structure constants are proportional to ln(q2) where
q is energy at which the couplings are evaluated,

α−1
i (q2) =

bi
4π

ln

(
q2

µ2
0

)
+ α−1

i

(
µ2

0

)
. (1.10)

The coefficients bi are given as follows in the SM,

bSM
i =



b1
b2
b3


 =




0
−22

3

−11


 + ngen




4
3
4
3
4
3


 + nHiggs




1
10
1
6

0


 . (1.11)

where ngen is the number of generations and nHiggs is the number of Higgs doublets. In
the SM, nf = 3 and nHiggs = 1. Using the current knowledge on the SM parameters,
the extrapolation to the higher energy scale can be calculated as shown in Figure 1.2
(left). There are no points where the three forces intersect.

On the other hand, in the Minimal Supersymmetric Standard Model (MSSM), which
will be described later, the coefficients bi change and are given by

bMSSM
i =



b1
b2
b3


 =




0
−6
−9


 + ngen




2
2
2


 + nHiggs




3
10
1
2

0


 . (1.12)

In the MSSM, the number of the Higgs fields is two as shown later. If we assume
the existence of SUSY particles around mass scale of 1 TeV, the three fine-structure
constants cross around 1016 GeV and the grand unification occurs as shown in Figure
1.2 (right). This is one of the strong motivations for supersymmetry.

Figure 1.2: First order evolution of the three coupling constants in the Standard Model
using MZ and αs(MZ) from DELPHI data (left) and second order evolution of the three
coupling constants in the minimal SUSY model assuming mass scale of SUSY particles
MSUSY of around 1 TeV (left) [2].
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1.3.2 Hierarchy problem

The Planck scale is about MPl = G
−1/2
N ≈ 1019 GeV where quantum gravity is not

negligible anymore (GN is the gravitational constant). On the other hand, all the SM
particles have masses on the order of 100 GeV. Why are these two energy scale so
different?

This problem is also related to the stability of the Higgs mass [3]. The electrically
neutral part of the Standard Model Higgs field is a complex scalar H with a classical
potential

V = m2
h|H|2 + λ|H|4. (1.13)

The SM requires a non-vanishing vacuum expectation value (VEV) for H at the min-
imum of the potential. This becomes 〈H〉 =

√
−m2

h/2λ ≈ 174 GeV. Therefore m2
h

must be the order of −(100 GeV)2.
However, the one-loop diagram containing a Dirac fermion f with mass mf , shown

in Figure 1.3 (left) can correct m2
h. If the Higgs field couples to f with a term in the

Lagrangian −λfHf̄f , then the Feynman diagram in Figure 1.3 (left) yields a correction

∆m2
h = −|λf |2

8π2
Λ2

UV + . . . (1.14)

where ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral: the
cutoff can be interpreted as the energy scale up to which the SM is valid. If there is no
new physics beyond the SM up to the Planck scale, then the Higgs mass quadratically
diverges.

If there exists a heavy complex scalar particle S with mass mS that couples to the
Higgs with a Lagrangian term −λS|H|2|S|2, the Feynman diagram in Figure 1.3 (right)
gives a correction

∆m2
h =

λS

16π2

[
Λ2

UV − 2m2
S ln (ΛUV/mS) + . . .

]
. (1.15)

As shown later, in supersymmetry, two scalar particles are newly introduced per a
SM fermion. Therefore if these scalar particles have the coupling constants satisfying
λS = |λf |2 the first terms of Equation 1.14 and 1.15 can be canceled. This is the strong
motivation to introduce scalar particles by supersymmetry.

Figure 1.3: One-loop quantum corrections to the Higgs squared mass parameter m2
h,

due to a Dirac fermion f (left) and a scalar S (right).
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1.3.3 Dark matter

Dark matter candidates have been categorized into cold, warm and hot by its velocity
in the early universe.

• Cold dark matter are the objects moving at classical velocities.

• Warm dark matter are the objects moving relativistically, that is, at velocities
ranging typically from 0.1 to 0.95 of the speed of the light.

• Hot dark matter matter are objects moving at velocities over 0.95 of the speed
of the light.

Since warm and hot dark matter move too quickly, they cannot explain how indi-
vidual galaxies formed from the Big Bang. Therefore, they are not regarded as the
main composition of dark matter, and the existence of cold dark matter is now well
established [4].

In the past, one candidate for cold dark matter was baryonic matter such as Mas-
sive Astrophysical Compact Halo Objects (MACHOs) [5, 6] or cold molecular gas
clouds [7]. However, according to the latest measurements of the anisotropy of the
cosmic microwave background (CMB) and of the spatial distribution of galaxies [4],
the density of cold, non-baryonic matter is

Ωnbmh
2 = 0.110± 0.006 (1.16)

where h is the Hubble constant in units of 100 km/(s·Mpc) while the baryonic matter
density is

Ωbh
2 = 0.0227± 0.0006. (1.17)

That is, the baryonic matter explains only 17 % of dark matter. Thus nonbaryonic
dark matter must possess features that:

• It is stable on the cosmological time scale.

• It interacts very weakly with electromagnetic radiation.

• It has the right relic density.

There are no particles in the SM satisfying these conditions.
Considering physics beyond the SM, one of the candidates is the axion [8] which was

first postulated to solve the strong CP problem of QCD, but it has not been discovered
yet. Another candidate is the Weakly Interacting Massive Particles (WIMPs), which
have mass roughly between 10 GeV and a few TeV, and an interaction cross-sections of
approximately weak strength. As shown later, in the so-called R-parity conserving su-
persymmetry models, the lightest supersymmetry particle (LSP) cannot decay further
and becomes the good dark matter candidate satisfying the above requirements.
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1.3.4 Gravity

Gravity, which is the attractive force between physical objects with a strength of
proportional to the masses of two objects, is described by the general theory of relativity
as the curvature of space-time. It is one of the four fundamental interactions of nature.
If we try to describe gravity in the framework of quantum field theory like the other
three fundamental forces, such that the attractive force of gravity arises due to the
exchange of a graviton, general relativity is reproduced in the classical limit. However,
this approach fails at a short distance of the order of the Planck length. Therefore, a
more complete theory of quantum gravity is required.

In supergravity, which is one the supersymmetric models, gravity is naturally in-
troduced producing graviton and its supersymmetric partner, gravitino. This is also a
good motivation to introduce supersymmetry.

1.4 Supersymmetry

As described in the previous section, the Standard Model is not a complete theory
and there must be some new physics beyond the SM. There are many theories to solve
these problems and supersymmetry is one of the most promising theories.

Supersymmetry is a symmetry of exchanging fermions and bosons. In a unbroken
supersymmetric theory, there exit supersymmetric partners corresponding to the all
Standard Model particles with the same mass and internal quantum numbers. How-
ever, since no such particles have not been discovered, hence supersymmetry must be
broken and supersymmetric particles must be heavier than SM particles.

In a broken supersymmetric model, the masses of SUSY particles can take any
values but to solve the problems in the SM, they need to be at the TeV energy scale.

1.4.1 Minimal Supersymmetric Standard Model

A general approach to the phenomenological study of SUSY is to assume the minimal
possible particle content and to parametrize the SUSY-breaking Lagrangian as the
sum of all the terms which do not reintroduce quadratic divergences into the theory.
This minimal extension of the Standard Model is called the Minimal Supersymmetric
Standard Model (MSSM). In the MSSM, the following new particles are introduced.

• Squarks

The squarks or the scalar quarks are the superpartners of the quarks. They have
the same quantum numbers of the corresponding quarks except for the spin and
the mass. Their spins are zero. Their names are formed by taking the name of
the corresponding quark and appending an “s” (which stands for scalar) in front,
e.g. sbottom, stop and so on. They are also called scalar quarks. The symbol
for the supersymmetric particles is a tilde .̃

The superpartners of left-handed and right-handed quarks are called left- and
right-handed squarks and are written by q̃L and q̃R but since they are spin 0, this
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handedness does not refer to their helicities. The gauge interaction is the same
as the SM, and only the left-handed squarks can couple to the W boson.

• Sleptons

The sleptons or the scalar leptons are the superpartners of the leptons. As in
the quark sector, these superparticles also have the same quantum numbers as
their SM partners except for the spin and the mass. Their spins are also zero.
They are named selectron, smuon, stau and sneutrino or “scalar electron” and
so forth.

• Gluinos

The superpartners of the gluon is called gluino. Since supersymmetry relates the
particles with different spin by a half unit, the gluino spins are one half. They
are Majorana fermions. The mass of gluinos is given by M3.

In case of the supersymmetric fermions, they are named by taking the name of
their SM partners and adding ’ino’ at the end.

• Winos and bino

The superpartners of electroweak gauge bosons are called wino and bino (together
they are referred to electroweak gauginos). They have spin one half. The masses
of the winos and bino are given by M2 and M1, respectively.

• Higgses and higgsinos

In the SM, the Higgs field is a two-dimensional complex field. Its degrees of
freedom are absorbed into the W and Z boson masses and there is only one
physical Higgs boson. If supersymmetry exists, one Higgs doublet field is not
enough because the electroweak gauge symmetry suffers a gauge anomaly [3].
Therefore, a Higgs field must be a weak isodoublet with weak hypercharge Y =
1/2, which gives masses to up-type quarks (up, charm, top), or Y = −1/2, which
gives masses to down-type quarks (down, strange, bottom) and to the charged
leptons. They are denoted by Hu and Hd respectively, and consist of electrically
charged and neutral fields,

Hu =

(
H+

u

H0
u

)
, Hd =

(
H0

d

H−
d

)
. (1.18)

The vacuum expectation values of H0
u and H0

d are written as

vu = 〈H0
u〉, vd = 〈H0

d〉. (1.19)

These VEVs are related to the SM parameters:

v2
u + v2

d = v2 =
2m2

Z

g2 + g′2
. (1.20)
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The ratio of the VEVs is traditionally written as

tan β ≡ vu

vd

. (1.21)

When the electroweak symmetry is broken, three of the Higgs scalar fields are the
Nambu-Goldstone bosons and become the longitudinal modes of the Z0 and W±

bosons. The remaining five Higgs scalar mass eigenstates consist of two CP-even
neutral scalars h0 and H0, one CP-odd neutral scalar A0, and charged scalars
H±.

The superpartners of the Higgs bosons are called higgsinos, denoted by H̃u and H̃d

for the SU(2)L-doublet left-handed spinor fields, with weak isospin components
(H̃+

u , H̃0
u) and (H̃0

d , H̃−
d ). The mass of higgsinos is given by µ.

• Neutralinos and charginos

The higgsinos and electroweak gauginos mix with each other because of the effects
of electroweak symmetry breaking. The neutral higgsinos (H̃u and H̃d) and
the neutral gauginos (B̃ and W̃ 0) combine to form four mass eigenstates called
neutralinos. The charged higgsinos (H̃+

u and H̃−
d ) and winos (W̃+ and W̃−) mix

to form two mass eigenstates with charge ±1 called charginos. These neutralino
and chargino mass eigenstates are denoted by χ̃i (i = 1, 2, 3, 4) and χ̃±i (i = 1, 2),
respectively. They are ordered by their masses from the smallest to the largest.
The neutralinos are Majorana fermions.

If the gaugino masses M1, M2 are much smaller than the higgsino mass µ, the
lightest neutralino and the lightest chargino are “gaugino-like” whose eigenstates
are gaugino dominant. On the other hand, if µ ¿ M1,M2, then the lightest
neutralino and the lightest chargino are “higgsino-like” and have degenerated
mass close to the higgsino mass µ.

• goldstino and gravitino

In the MSSM, supersymmetry breaking is accomplished by including the most
general renormalizable soft-supersymmetry-breaking terms consistent with the
SU(3) × SU(2) × U(1) gauge symmetry. If supersymmetry breaking occurs
spontaneously, then a massless Goldstone fermion called the goldstino must ex-
ist. However, the goldstino degrees of freedom are physical only in models of
spontaneously-broken global supersymmetry.

In supergravity models [9, 10], it is assumed that global supersymmetry is broken
but supersymmetry is a local symmetry taking into account gravity. The graviton
whose spin is two has a spin 3/2 fermion superpartner called the gravitino (G̃).
The gravitino absorb the goldstino and acquire a mass, m3/2. This is analogous
to the ordinary Higgs mechanism in the SM, and called super-Higgs mechanism.

Usually, the gravitino mass is assumed to be comparable to the other SUSY
particles. Since its interaction will be of gravitation strength, the gravitino will
not play an important role in collider experiments, as long as the gravitino is not
the LSP.
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Figure 1.4 shows the SM particles and the corresponding supersymmetric particles
in the MSSM.

Figure 1.4: The list of Standard Model particles and corresponding supersymmetric
particles

The Lagrangian in the MSSM can be written as [3]:

LMSSM
soft =

1

2

(
M3g̃g̃ +M2W̃W̃ +M1B̃B̃ + c.c.

)

−
(

˜̄uauQ̃Hu − ˜̄dadQ̃Hd − ˜̄eaeL̃Hd + c.c
)

−Q̃†m2
Q̃
Q̃− L̃†m2

L̃
L̃− ˜̄um2

˜̄u
˜̄u† − ˜̄dm2

˜̄d

˜̄d† − ˜̄em2
˜̄e
˜̄e†

−m2
Hu
H∗

uHu −m2
Hd
H∗

dHd − (bHuHd + c.c.). (1.22)

The au, ad and ae terms in the second line are complex 3 × 3 matrix in family space,
with dimensions of mass. They correspond to the trilinear couplings.

In the MSSM, supersymmetry braking is assumed to be universal to flavors to
avoid dangerous flavor-changing and CP-violating effects. Then the mass matrix is
proportional to the 3× 3 identity matrix in family space:

m2
Q̃

= m2
Q̃
1, m2

˜̄u
= m2

˜̄u
1, m2

˜̄d
= m2

˜̄d
1,

m2
L̃

= m2
L̃
1, m2

˜̄e
= m2

˜̄u
1. (1.23)

Then all squark and slepton mixing angles are trivial because squarks and sleptons
with the same electroweak quantum numbers will be degenerated in mass. Further
assumption is applied on the trilinear scalar coupling constant matrices, au, ad, ae in
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the MSSM. They are proportional to the corresponding Yukawa coupling constants,

au =



Auyu 0 0

0 Acyc 0
0 0 Atyt


 , ad =



Adyd 0 0

0 Asys 0
0 0 Abyb


 ,

ae =



Aeye 0 0

0 Aµyµ 0
0 0 Aτyτ


 . (1.24)

where yf are the Yukawa coupling constants (f = u, d, c, s, t, b, e, µ, τ). Af are called
the trilinear coupling constants.

The third line of Equation 1.22 consists of squark and slepton mass terms. The
fourth line of Equation 1.22 consists of the supersymmetry-breaking contributions to
the Higgs potential; the first two terms are diagonal components and the remaining
two are off-diagonal components.

1.4.2 R-parity

In the MSSM, one needs to introduce a new symmetry in order not to violate the
conservation of the baryon number and the lepton number. It is called R-parity, which
is 1 for the SM particles and -1 for the SUSY partners. Models that violate R-parity are
also possible but in this thesis, only the models which conserve R-parity are considered.

As a result of R-parity conservation, SUSY particles must be produced in pairs
and they decay to the Lightest SUSY Particle (LSP) which must be stable. In or-
der to be consistent with cosmological constraints, a stable LSP must be electrically
and color neutral. As far as collider experiments are concerned, an LSP will behave
like a heavy neutrino and escape collider detectors without being directly observed.
Therefore if SUSY particles are produced, the LSP causes a momentum imbalance in
events. Searches for the SUSY particles described in this thesis rely on this momentum
imbalance.

1.4.3 Supersymmetry breaking models

Since it is almost impossible to construct a realistic model of spontaneous supersym-
metry breaking from the interaction between the particles of MSSM, a hidden sector
is introduced, which is consisting of particles that are completely neutral with respect
to the SM gauge group.

Supersymmetry breaking is assumed to originate in the hidden sector, and its effects
are transmitted to the MSSM by some mechanism. The MSSM is characterized by a
large number of parameters (about 100), implying that a 100-dimensional space must
be considered. To reduce the number of parameters and search for the most probable
models, we need to adopt specific assumptions for the SUSY breaking mechanism.
Here, major models which are considered in this thesis are introduced.
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Supergravity and mSUGRA

In models of gravity-mediated supersymmetry breaking, which is a natural outcome
of supergravity, gravity is the messenger of supersymmetry breaking. In this scenario,
the gravitino mass is of order that electroweak symmetry breaking scale, while its
couplings are roughly gravitational in strength. Therefore the gravitino does not play
an important role in supergravity.

One important case is that when we apply plausible assumptions to reduce the
parameters in MSSM. In the minimal supergravity (mSUGRA) models, the numbers
of parameters are reduced to four plus one sign parameter.

• m0: universal scalar mass at GUT scale

Assume all scalar particles have the same mass at the GUT scale (≈ 1016 GeV).

• m1/2: universal gaugino mass

Assume all gauginos are unified at GUT scale and they have the same mass.
Then the masses of the gauginos are give by the following equation,

M1

5
3
g′2

=
M2

g2
=
M3

g2
s

= m1/2. (1.25)

At the electroweak energy scale, they are related by

M1 : M2 : M3 ≈ 1 : 2 : 6. (1.26)

• A0 : universal trilinear coupling

Assume all trilinear coupling constants are the same value.

• B0 : Higgs mixing term

Assume Higgs mixing term b in Equation 1.22 is given by B0µ where B0 is a real
scalar.

From Equation 1.20, the relations between mZ , tan β, B0 and µ can be written as
follows;

m2
Hu

+ |µ|2 −B0µ cot β − m2
Z

2
cos (2β) = 0, (1.27)

m2
Hd

+ |µ|2 −B0µ tan β − m2
Z

2
cos (2β) = 0. (1.28)

Usually, instead of B0 and µ, the use of tan β and mZ are favored as parameters (but
the sign of µ cannot be fixed from these equations). Therefore m0, m1/2, A0, tan β and
sign of µ are the free parameters in the mSUGRA model.

In mSUGRA, the LSP is the lightest neutralino in most of the parameter spaces;
otherwise stau becomes the LSP. Since the LSP can be dark matter, if the stau is the
LSP, it will violates the cosmological constraints that dark matter must be electrically
neutral. The lightest neutralino is a promising candidate for dark matter.
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Gauge-mediated supersymmetry breaking

In Gauge-Mediated Supersymmetry Breaking (GMSB) models [11, 12], the ordinary
gauge interactions, rather than gravity, are responsible for the appearance of soft su-
persymmetry breaking in the MSSM.

GMSB models predict the gravitino is much lighter than the other MSSM sparticles
(order of keV). Therefore, the gravitino is the LSP in most cases. The gravity is too
weak but since the goldstino has been absorbed, the couplings between the gravitino
and the other particles can be strong enough so that in collider experiments, they will
decay quickly.

It is different from the WIMP dark matter scenario but gravitino dark matter sce-
nario is also allowed [13]. The gravitino is sometimes called a super-WIMP as dark
matter because its interaction strength is much weaker than that of other supersym-
metric dark matter candidates.

1.4.4 Naturalness

In Section 1.3.2 (Hierarchy problem), it was discussed that the quadratic divergence of
the Higgs mass can be canceled by introducing supersymmetry. However, one problem
arises. Even if the quadratic ΛUV term is canceled, the term proportional to m2

S ·
ln (ΛUV/mS) cannot be eliminated without the physically unjustifiable tuning of a
counter-term. This is called “naturalness” problem. The theory to be natural, certain
limits on the masses of scalar particles are required. The tightest limit is the one on the
stop mass because of its strong coupling to the Higgs boson. The following discussion
is based on Reference [14].

Generally in electroweak symmetry breaking via the Higgs mechanism, there is a
relation between the Higgs boson mass (mh) and the quadratic term in the potential
(the negative mass squared), m2,

m2
h

2
= −m2. (1.29)

In the MSSM, the Higgs mass is 130 GeV at most. For a moderately large value of
tan β (& 10), electroweak symmetry breaking is mainly due to the vacuum expectation
value of the up-type Higgs field, Hu. In this case, the m2 can be written as

m2 = µ2 +m2
Hu
|tree +m2

Hu
|rad (1.30)

where m2
Hu
|tree and m2

Hu
|rad represent the tree-level and radiative contributions. The

Higgs mass is the result of a cancellation between these terms. If the absolute values
of these terms are much larger than m2

h/2, it looks un-“natural”. Defining the tuning
parameter by ∆−1 = m2

h/2µ
2, and taking ∆−1 > 10 %, one obtains

|µ| . 290 GeV
( mh

130 GeV

) (
∆−1

10%

)
. (1.31)

Another important contribution is from the stop-top loop diagrams to the m2
Hu

parameters. There are two kinds of interactions in the diagrams; one with the top
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Yukawa interaction (−ytq̄3u3Hu) and another through the three-point stop-stop-Higgs
interaction (Atytq̃3ũ3Hu). The three-point interaction also provides an important con-
tribution to the Higgs boson mass, mh. The dominant contribution to m2

Hu
|rad arises

from top-stop loop:

m2
Hu
|rad ≈ −3y2

t

8π2
(m2

Q3
+m2

U3
+ |At|2) ln

(
Mmess

mt̃

)
(1.32)

where Mmess represents the scale at which squark and slepton masses are generated.
By setting m2

Q3
' m2

U3
' m2

t̃
for simplicity and defining ∆′−1 ≡ m2

h/2m
2
Hu
|rad and

x ≡ |At|/mt̃, the stop mass is given by

m2
t̃ ' 2π2

3y2
t

m2
h(

1 + x2

2

)
∆′−1 ln Mmess

mt̃

(1.33)

' (500 GeV)2
3
2

1 + x2

2

(
10 %

∆′−1

) (
3

ln Mmess

mt̃

)( mh

130 GeV

)2

. (1.34)

By assuming a small logarithm (Mmess ∼ 10 TeV, which is possible in GMSB), we
obtain upper and lower bounds on the stop mass parameter from the naturalness and
the Higgs boson mass bound, respectively. Requiring ∆′−1 > 10 % and mh > 114.4
GeV, the bounds for |At| ∼ mt̃ are

500 GeV . mt̃ . 500 GeV (1.35)

and for |At| ∼ 2mt̃

250 GeV . mt̃ . 360 GeV. (1.36)

There is no allowed region for |At| . mt̃ or |At| & 2.5mt̃. For At = 0, we obtain
∆′−1 . 2 %. The maximum value of ∆−1 is about 20 % which can be achieved when
|At| ∼ 2mt̃. The naturalness upper bound on the lighter stop mass is then,

mt̃1 . 400 GeV (|At| ∼ mt̃), (1.37)

mt̃1 . 200 GeV (|At| ∼ 2mt̃) (1.38)

for ∆′−1 > 10 %. This kind of constraint is not required on the other superparti-
cles. Therefore, the minimal requirements for natural SUSY are light stops and light
higgsinos.

For a higher logarithm (e.g. Mmess ≈ MPl), the requirement on ∆′−1 need to be
tightened by a factor of 10 ≈ ln(MPl/mt̃)/ ln(10 TeV/mt̃).

1.4.5 Third generation supersymmetry particles

In principle, any scalars with the same electric charge, R-parity, and color quantum
number can mix with each other; however, off-diagonal components of the mass matrix
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of SUSY particles of the first- and second-generations are negligibly small. Thus their
mass eigenstates can be written in terms of the gauge eigenstate as follows [3],

m2
d̃L

= m2
0 +K3 +K2 +

1

36
K1 + ∆d̃L

, (1.39)

m2
ũL

= m2
0 +K3 +K2 +

1

36
K1 + ∆ũL

, (1.40)

m2
ũR

= m2
0 +K3 +

4

9
K1 + ∆ũR

, (1.41)

m2
d̃R

= m2
0 +K3 +

1

9
K1 + ∆d̃R

(1.42)

where

K1 ≈ 0.15m2
1/2, K2 ≈ 0.5m2

1/2, K3 ≈ (4.5 to 6.5)m2
1/2 (1.43)

and

∆ũL
=

(
1

2
− 2

3
sin2 θW

)
cos (2β)m2

Z , (1.44)

∆d̃L
=

(
−1

2
+

1

3
sin2 θW

)
cos (2β)m2

Z , (1.45)

∆ũR
=

(
2

3
sin2 θW

)
cos (2β)m2

Z , (1.46)

∆d̃R
=

(
−1

3
sin2 θW

)
cos (2β)m2

Z . (1.47)

Here m0 and m1/2 are the common scalar mass and gaugino mass at the unification
scale.

On the other hand, in the case of SUSY particles of the third generation, due to
the large Yukawa coupling, the gauge eigenstates can mix. For stop, the mass matrix
is written as

Lstop masses = − (
t̃∗L t̃

∗
R

)
m2

t̃

(
t̃L
t̃R

)
, (1.48)

m2
t̃ =

(
m2

Q3
+m2

t + ∆ũL
v (a∗t sin β − µyt cos β)

v(at sin β − µ∗yt cos β) m2
ū3

+m2
t + ∆ũR

)
. (1.49)

Here the Yukawa coupling at tree-level is given by,

yt =
mt

v sin β
, (1.50)

yb =
mb

v cos β
. (1.51)

This hermitian matrix can be diagonalized by a unitary matrix to give the mass
eigenstates: (

t̃1
t̃2

)
=

(
ct̃ −s∗

t̃

st̃ ct̃

)(
t̃L
t̃R

)
. (1.52)
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Here m2
t̃1
< m2

t̃2
are the eigenvalues of Equation 1.49, and |ct̃|2 + |st̃|2 = 1. Due to the

off-diagonal components, t̃1 tend to be lighter than t̃L, t̃R. Moreover, mū3 and mQ3

are generally smaller than the masses of the first and second family squarks because
of the larger Yukawa coupling. Therefore the lighter stop often has the lightest mass
of all squarks.

A similar equation holds for the sbottoms. For the gauge-eigenstate of (b̃L, b̃R), the
squared mass matrix is given by

m2
b̃

=

(
m2

Q3
+ ∆d̃L

v (a∗b cos β − µyb sin β)
v (ab cos β − µ∗yb sin β) m2

d̃3
+ ∆d̃R

)
. (1.53)

This can be diagonalized to give the mass eigenstates b̃1, b̃2 where mb̃1
≤ mb̃2

. For the
sbottoms, the mixing of off-diagonal components is significant if the value of tan β is
large. In fact, there are good theoretical motivations for considering models with large
tan β [15, 16]. Therefore, the sbottom is also expected to be lighter than the other
light-flavor squarks.
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Chapter 2

Stop and Sbottom Signatures

As described in the previous chapter, third generation squarks (the stop and the sbot-
tom) are expected to be lighter than the other squarks, and as a result, their production
can be dominant. In this chapter, the expected topologies from stop and sbottom pro-
duction are described.

2.1 Production processes

If the stop or the sbottom are relatively light, there are mainly two types of production
processes. One is via the decay from gluinos and the other is via direct pair produc-
tion. If the gluino is not much heavier than the stop, the direct production of gluinos
dominates over direct stop (or sbottom) production as shown in Figure 2.1. However,
as described in Section 1.4.4, if we consider the naturalness of Higgs mass, it is possible
that the stop is only light (i.e. mass on the order of several hundreds GeV) colored
SUSY particle and the other squarks and the gluinos are heavier than a few TeV. In
this case, only direct stop pair production would be observed
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Figure 2.1: Cross-sections for the pair production of gluinos, stops and sbottoms as a
function of their masses calculated to NLO using PROSPINO [17, 18].
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Figure 2.2: The Feynman diagrams for the gluino three-body decay to top quark pair
(left) and bottom quark pair (right).

Gluino pair is produced at first, when mg̃ > mt̃1 +mt or mg̃ > mb̃1
+mb, the gluino

can decay via

g̃ → t̃1 + t, (2.1)

g̃ → b̃1 + b. (2.2)

When these two-body decays are forbidden, gluinos decay via three-body or four-body
decay modes. One important case is that even if the stop (or the sbottom) is heavier
than the gluino, the decay modes of gluinos to a top quark pair (or a bottom quark
pair, or top-bottom quark pair) can be enhanced if the stop (or sbottom) is lighter
than the other squarks;

g̃ → t+ t̄+ χ̃0
1, (2.3)

g̃ → b+ b̄+ χ̃0
1. (2.4)

When gluinos decay via the three-body mode, a virtual squark is emitted as shown
in Figure 2.2. This propagator is proportional to 1/(mq̃∗)

4. Therefore even a small
mass difference between the stop (or the sbottom) and the other squarks is enhanced
by the fourth power. Moreover, if the lightest neutralino is higgsino-like, the couplings
to the squarks of the third generation are much larger than the first and the second
generations. From these reasons, the branching ratio of the gluino to the top (or
bottom) quark pairs becomes large.

2.2 Decay modes

The decay modes of the stop and the sbottom depend highly on the SUSY particle mass
spectrum. For simplicity, only the lightest stop, the lightest chargino and the lightest
neutralino are considered as the active SUSY particles; the other SUSY particles are
assumed to be heavy enough (masses on the order of TeV) such that they decouple.
The decay modes of the sbottom can be inferred by the analogy to the stop.
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2.2.1 Two-body decay

A1) If mt̃1 > mt +mχ̃0
1
, the stop can decay via

t̃1 → t+ χ̃0
1. (2.5)

If the lightest neutralino is the LSP, χ̃0
1 cannot decay anymore but the top quark

will decay further. The final state therefore consists of multi-jets including b-jets,
leptons and Emiss

T .

A2) If mt̃1 > mb +mχ̃+
1
, the stop can decay via

t̃1 → b+ χ̃+
1 . (2.6)

Since the lightest chargino is in general heavier than the lightest neutralino,
the lightest chargino can decay further via χ̃+

1 → χ̃0
1 + f + f ′, where f and f ′

are any SM fermions. The branching ratios to fermion flavors depend on the
corresponding scalar fermion masses.

A3) If the above two decay modes and the three-body decay modes shown below are
all suppressed, the stop can decay via

t̃1 → c+ χ̃0
1, (2.7)

ifmt̃1 > mc+mχ̃0
1
via the one-loop diagram such as shown in Figure 2.3. However,

this topology is only possible in a limited parameter space, and therefore it will
not be considered in this thesis.

Figure 2.3: One of the t̃1 → c+ χ̃0
1 decay diagram in one-loop.

2.2.2 Three-body decay

The branching ratios for three-body decays are much smaller than those of two-body
decays. If the two-body decay modes (A1 and A2) are forbidden, however, three-body
decays can be dominant. Here it is assumed that all other squarks are much heavier
than the stop.
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B1) If the sleptons are lighter than the stop, the stop can decay via

t̃1 → b+ ν + l̃. (2.8)

Since a charged LSP is forbidden from the cosmological constraints, none of the
sleptons can be the LSP and therefore they will decay further. This results in
the final states with b-jets, leptons and Emiss

T .

B2) If the sneutrinos are lighter than the stop, the stop can decay via

t̃1 → b+ l + ν̃. (2.9)

Regardless of whether one of the sneutrinos is the LSP or not, the sneutrino or
other LSP are not detected. This decay mode therefore also results in the final
stats with b-jets, leptons and Emiss

T .

These decay processes are different from two-body decays but the final states are
the same as one of the decay modes described in Section 2.2.1. Therefore by searching
for two-body decay modes, these three-body decay modes are naturally covered.

2.2.3 Four-body decay

If all two-body decay modes (A1 and A2) and three-body decay modes (B1 and B2)
are forbidden, the branching ratio of the stop decay via four-body decay modes can be
dominant.

C1) In this case, the stop can decay via

t̃1 → b+ f + f ′ + χ̃0
1 (2.10)

where f and f ′ are any SM fermions. Figures 2.4 show some examples of tree-
level Feynman diagrams of this decay mode. Since this mode has the same order
in perturbation theory as the loop-induced A3 decay (O(α3)), its branching ratio
is competitive to that of the A3 mode. For example, it can be enhanced if the
charginos have masses not much larger than their present experimental bounds,
or if the sfermions are light [19].

Figure 2.4: The tree-level Feynman diagrams for t̃1 → b+ f + f ′ + χ̃0
1.

Although this is a different decay process from the two-body decay, the final states are
nevertheless b-jets, multi-jets (or leptons) and Emiss

T , and these modes are naturally
covered by the two-body decay searches.
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2.2.4 Light gravitino models

In light gravitino scenario such as GMSB models in which the gravitino mass is ex-
pected to be O(keV), a different topology is possible. Most of the topologies can be
interpreted by replacing the gravitino by the massless neutralino but there are some
different topologies.

One is the lightest neutralino decay mode of

χ̃0
1 → γ + G̃. (2.11)

The bino and the neutral wino couple with the photon but generally, the lightest
neutralino is the LSP and it cannot decay further. Therefore this topology is seen
only when the lightest neutralino is not the LSP. Since the SUSY particles are always
produced in pair, the final states have two photons.

The other decay mode is as follows. If mχ̃0
1
> mZ , the lightest neutralino can decay

via
χ̃0

1 → Z + G̃. (2.12)

This decay mode is possible whether the lightest neutralino is gaugino-like or higgsino-
like.

If mχ̃0
1
> mh, the lightest neutralino can decay via

χ̃0
1 → h+ G̃. (2.13)

The Higgs boson is not yet discovered but it is expected to be heavier than the Z
boson. Therefore, the branching ratio of Equation 2.12 dominates that of Equation
2.13 in most cases.

2.2.5 Categorization

Figure 2.5 summarizes the decay modes of the stop for two types of chargino and
neutralino mass relations and dependence on whether or not the gravitino. If the
lightest chargino and neutralino are higgsino-like, their masses are very close (mχ̃±1

'
mχ̃0

1
). On the other hand, if they are gaugino-like, their mass can be differ. The case

of mχ̃+
1

= 2mχ̃0
1

is considered here as a representative model.

The decay process can be different depending on the mass relations between t̃1, χ̃
0
1

and χ̃±1 , but the final state is the same as A1) t̃1 → t + χ0
1 except for some special

cases.

2.3 Expected Topologies

2.3.1 Multi-jets including b-jet and Emiss
T

Gluino production results in final states with multi-jets and Emiss
T . If the gluino decays

to stop, final states always include b-jets. This topology also covers the case that gluino
decays to sbottom. The search for this topology is described in Section 6.2.
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Figure 2.5: Decay modes of the stop in the neutralino-LSP model (left) and gravitino-
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2.3.2 Multi-jets including b-jet, one lepton and Emiss
T

This topology is almost the same as the above, but if stops are produced, the possibility
that the final states have at least one lepton is high. Therefore this topology is more
sensitive to stop signature than to sbottom. The search for this topology is described
in Section 6.3.

2.3.3 Two b-jets and Emiss
T

One of the topologies that is not covered by the above multi-jet analyses is the following.
Suppose that a stop pair is produced directly and they each decay to a chargino

and a bottom quark. The chargino decays to a neutralino and SM fermion pair;

t̃1 → b+ χ̃+
1 , (2.14)

χ̃+
1 → χ̃0

1 + f + f ′. (2.15)

If charginos and neutralinos degenerate in mass, which is possible when they are
higgsino-like, the fermion pairs from the chargino decay cannot be detected in the
collider experiment. In this case the final state has only two b-jet and Emiss

T . This
topology is also possible when a sbottom pair is produced and each sbottom decays to
the lightest neutralino only

b̃1 → b+ χ̃0
1. (2.16)

The search for this topology is described in Section 6.4

2.3.4 b-jets, two leptons and Emiss
T

Another topology which is not covered by the above analyses is the one which is
possible in the light-gravitino models in which the lightest neutralino can decay further.
In particular, when the lightest neutralino decays to the Z boson plus gravitino, the
sensitivity to the signal can be highly enhanced by identifying the decay products of
the Z boson.

The decay chain is the same as Equation 2.14 and Equation 2.15, but in this case
the neutralino decays further by Equation 2.12. If mχ̃0

1
> mh, the decay of Equation

2.13 is also possible. Since the decay to the Z boson usually dominates, the decay to
the Higgs boson is not targeted here. Thus the the final state has the decay products
from the Z (or Higgs) boson, two b-jets and Emiss

T . Two leptons from the Z boson can
be detected with the high efficiency while providing high rejection of the background
process. The search for this topology is described in Section 6.5.

2.3.5 b-jets, two photons and Emiss
T

Similar to the case of Section 2.3.4, the topology of the lightest neutralino decaying to
a photon plus a gravitino is also not covered by the above analyses. However, the final
state with two photons are already sought in ATLAS without requiring b-jets and the
strong exclusion limits have been set [20]. Figure 2.6 shows the expected and observed
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exclusion limits at 95 % CL for the stop pair production in the light-gravitino model
with light higgsinos in the final state of two-photon plus Emiss

T . The signals are obtained
by the ATLAS fast simulation [21] (called Atlfast-I). The method for exclusion limit
calculation will be shown in Chapter 7. The signal productions are normalized to the
integrated luminosity of 36 pb−1. From this result, a stop mass of 395 GeV is already
excluded.

Therefore, the search for this topology is not described in this thesis.
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Chapter 3

LHC and ATLAS Detector

3.1 Large hadron collider

The Large Hadron Collider (LHC) [22] at CERN was constructed to collide proton
beams with an unprecedented center-of-mass energy of 14 TeV and a luminosity of
1034 cm−2s−1 aiming at the investigation of electroweak symmetry breaking and the
search for the Higgs boson as well as the search for physics beyond the Standard Model.
At the end of the year 2011, the accelerator was operating at a center-of-mass energy
of 7 TeV with the peak luminosity of 3.65× 1033 cm−2s−1. Table 3.1 shows the proton
beam parameters of the LHC.

Table 3.1: LHC proton beam parameters.

Design Recorded2

Proton energy [GeV] 7000 3500
Number of particles per bunch 1.15×1011 ∼ 1.45× 1011

Number of bunches 2808 1380
Number of colliding bunches3 1331
Peak luminosity [cm−2sec−1] 1.0×1034 3.65× 1033

Bunch spacing 25 ns 50 ns

The LHC can also collide heavy (lead) ions with an energy of 2.8 TeV per nucleon
and a peak luminosity of 5.1×1027 cm−2s−1.

Figure 3.1 shows an overall view of the LHC experiments. The LHC was installed
in the existing 26.7 km tunnel that was originally constructed for the LEP machine[23].
The tunnel lies between 45 m and 170 m below the surface on a plane inclined at a
slope of 1.4 %. The LHC uses superconducting magnets to bend the beams and the
nominal field is 8.33 T, corresponding to an energy of 7 TeV.

2recorded at the ATLAS detector up to the end of year 2011
3at the ATLAS detector
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There are four main experiments going on at the LHC. ATLAS (described in the
next section) and CMS [24] are general-purpose detectors for studying mainly proton-
proton collisions of the LHC at the highest luminosity and at the maximum center-of-
mass energy. The LHCb [25] experiment is for B-physics in proton-proton collisions
and requires a lower luminosity of L = 1032 cm−2s−1. ALICE [26] is the dedicated
experiment for heavy ion collisions.

Figure 3.1: The overall view of LHC experiments.

3.2 ATLAS detector

The ATLAS (acronym of A Toroidal LHC ApparatuS) experiment [27, 28, 29] is a
general-purpose detector at the LHC. It was designed by the needs to accommodate a
wide spectrum of possible physics signatures.

3.2.1 Coordinate system

The coordinate system used in this thesis is summarized here.
The beam direction defines the z-axis and the x-y plane is transverse to the beam

direction. The positive x-axis is defined as pointing from the interaction point to the
center of the LHC ring and the positive y-axis is defined as pointing upwards. Side-A
of the detector is defined as that with positive z and side-C is that with negative z.
The azimuthal angle φ is measured around the beam axis, and the polar angle θ is the
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angle from the beam axis. The pseudorapidity is defined as

η = − ln tan

(
θ

2

)
. (3.1)

In case of massive objects such as jets, the rapidity y,

y =
1

2
ln

(
E + pz

E − pz

)
(3.2)

is used. The transverse momentum pT, the transverse energy ET, and the missing
transverse energy (or momentum) Emiss

T are defined in the x-y plane unless stated
otherwise. The distance ∆R in the pseudorapidity-azimuthal angle space is defined as

∆R =
√

∆η2 + ∆φ2. (3.3)

These are shown in Figure 3.2.

LHC ring

center

x

y

z

ATLAS

side-A

side-C

φ
θ

Figure 3.2: The coordinate system of the ATLAS detector

3.2.2 Magnet system

The ATLAS magnet system consists of four superconducting magnets. One is a
solenoid and the other three are toroids (one in barrel and two in end-caps).

A solenoid is aligned on the beam axis and provides a 2 T axial magnetic field
for the inner detector. The layout of the solenoid magnet is designed to keep the
material thickness in front of the calorimeter as low as possible for better calorimeter
performance. For this requirement, the solenoid windings and LAr calorimeter share a
common vacuum vessel to eliminate two vacuum walls. The single-layer coil is wound
with a high-strength Al-stabilized NbTi conductor to achieve a high field while opti-
mizing thickness. The inner and outer diameters of the solenoid are 2.46 m and 2.56 m
and its axial length is 5.8 m. The flux is returned by the steel of the ATLAS hadronic
calorimeter and its girder structure as shown in Figure 3.3. The solenoid assembly
contributes a total of ∼ 0.66 radiation length at normal incidence [30].
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A barrel toroid and two end-cap toroids produce a toroidal magnetic field of ap-
proximately 0.5 T and 1 T for the muon detectors in the central and end-cap regions,
respectively. Figure 3.3 shows the layout. The barrel toroid consists of eight coils en-
cased in individual racetrack-shaped, stainless-steel vacuum vessels. The coil assembly
is supported by eight inner and outer rings of struts. The overall size of the barrel
toroid system is 25.3 m in length, with inner and outer diameters of 9.4 m and 20.1 m,
respectively. Each end-cap toroid consists of a single cold mass built up from eight
flat, square coil units and eight keystone wedges, bolted and glued together into a rigid
structure. The conductor and coil-winding technology is the same in the barrel and
end-cap toroids. It is based on winding a pure Al-stabilized Nb/Ti/Cu conductor into
pancake-shaped coils [31], followed by vacuum impregnation.

Figure 3.3: Geometry of magnet windings and tile calorimeter steel of the ATLAS
detector [29]. The eight barrel toroid cells, with the end-cap coils interleaved are
visible. The solenoid windings lie inside the calorimeter volume. The tile calorimeter
consists of four layers with different magnetic properties, plus an outside return yoke.

3.2.3 Tracking system

For the precise measurement of tracks of charged particle tracks, three types of detec-
tors are used: pixel and silicon micro-strip trackers (or SemiConductor Tracker:SCT),
and the straw tubes of the Transition Radiation Tracker (TRT). The layout of these
Inner Detectors (IDs) are illustrated in Figure 3.4.

The IDs are immersed in a 2 T magnetic field generated by the central solenoid.
The precision tracking detectors (pixels and SCT) cover the region |η| < 2.5. In the
barrel region, they are arranged in concentric cylinders around the beam axis while in
the end-cap regions they are located on disks perpendicular to the beam axis.

The pixel detector is located in the innermost layer just 5 cm from the nominal
beam axis. It consists of 1744 silicon pixel modules. All pixel sensors are identical and
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Figure 3.4: Cut-away view of the ATLAS inner detector [29].

have a minimum pixel size of 50× 400 µm2. The intrinsic resolution in the barrel are
10 µm (r-φ) and 115 µm (z) and in the end-cap disks are 10 µm (r-φ) and 115 µm (r).

The SCT modules are built from two pairs of single-sided silicon micro-strip sensors.
Each side of a detector module consists of two 6.4 cm long, daisy-chained sensors with
a mean strip pitch of 80 µm. Two layers of sensors are rotated by ±20 mrad around
the geometrical center as seen in Figure 3.5. This layout enables the measurement
of two-dimensional coordinates. In the barrel, one set of strips in each layer is set to
parallel to the beam direction, measuring the r-φ coordinate. In the end-cap region,
the detectors have a set of strips running radially. The intrinsic resolutions per module
in the barrel are 17 µm (r-φ) and 580 µm (z) and in the end-cap disks are 17 µm (r-φ)
and 580 µm (r).

Figure 3.5: Drawing of a SCT module in the barrel, showing its components [29].
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The TRT is the outermost and largest of the ID subdetectors. The TRT consists of
4 mm diameter straw tubes which cover up to |η| = 2.0 and provides r-φ information
only. Its intrinsic accuracy is 130 µm per straw.

Table 3.2 shows the main parameters of the inner detectors.

Table 3.2: Summary of the main parameters of the three ATLAS inner detectors.

Radius Element size Resolution Hits/track Readout
[cm] in the barrel channels

Pixel 5 - 12 50 µm × 400 µm 10 µm × 115 µm 3 80× 106

SCT 30 - 52 80 µm 17 µm 8 6× 106

TRT 56 - 107 4 mm 130 µm 30 3.5× 105

Figures 3.6 show the material distribution measured by the radiation length (X0)
and the nuclear interaction length (λ) at the exit of the inner detector envelope.

Figure 3.6: The material distributions measured by the radiation length (left) and the
nuclear interaction length (right) at the exit of the inner detector envelope, including
the services and thermal enclosures [29]. The distribution is shown as a function of |η|
and averaged over φ.

3.2.4 Calorimeter system

The ATLAS calorimeters cover the range |η| < 4.9. The electromagnetic (EM) calorime-
ter with fine granularity is used for the precise measurement of electrons and photons.
The hadron calorimeter with coarser granularity is sufficient for jet reconstruction and
Emiss

T measurement. Figure 3.7 shows the ATLAS calorimeter system.

EM calorimeter

The EM calorimeter is divided into a barrel part (|η| < 1.475) and two end-cap parts
(1.375 < |η| < 3.2). The EM calorimeter is lead-LAr detector with accordion-shaped
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Figure 3.7: Cut-away view of the ATLAS calorimeter system [29].

kapton electrodes and lead absorber plates over its full coverage. Due to the accordion-
shape, it provides complete azimuthal coverage without cracks. Figure 3.8 shows a
sketch of the EM calorimeter in the barrel region. In the barrel, the accordion waves
are axial and run in φ, and the folding angles of waves varying with radius to keep
the liquid-argon gap constant. In the end-gaps, the waves are parallel to the radial
direction and run axially.

As seen in Figure 3.8, the EM calorimeter is constructed from three layers in the
radial direction (in most of η range). The first layer is finely segmented along η.
The second layer has coarser granularity but it collects the largest fraction of the
energy of the electromagnetic shower. The third layer collects only the tails of the
electromagnetic shower and is therefore less segmented in η. Table 3.3 summarizes the
parameters of the EM calorimeter.

In the region |η| < 1.8 a presampler detector is placed, consisting of an active LAr
layer of thickness 1.1 cm (0.5 cm) in the barrel (end-cap) region. It corrects the energy
lost by electrons and photons upstream of the calorimeter.

Figures 3.9 show the cumulative amounts of material in units of radiation length
X0 and as a function of |η|, in front of and in the electromagnetic calorimeters.

Hadronic calorimeter

The ATLAS hadronic calorimeter consists of three types of detectors described in the
following. They cover different η ranges and have granularity suited to each of the
regions. The granularity and covered ranges for the hadronic calorimeters are shown
in Table 3.3.

Figure 3.10 shows the cumulative amount of material in units of interaction length,
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Figure 3.8: Sketch of a barrel module of the LAr EM calorimeter where the different
layers are visible with the ganging of electrodes in φ [29].

Figure 3.9: Cumulative mounts of material in units of radiation length X0 and as a
function of |η|, in front of and in the electromagnetic calorimeters [29]. The left figure
shows the barrel and the right figure shows the end-cap.
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Table 3.3: The main parameters of the ATLAS calorimeter system [29].

Barrel End-cap

Number of layers and |η| coverage

EM presampler 1 |η| < 1.52 1 1.5 < |η| < 1.8
EM calorimeter 3 |η| < 1.35 2 1.375 < |η| < 1.5

2 1.35 < |η| < 1.475 3 1.5 < |η| < 2.5
2 2.5 < |η| < 3.2

LAr hadronic end-cap calorimeter 4 1.5 < |η| < 3.2
LAr forward calorimeter 3 3.1 < |η| < 4.9

Tile calorimeter 3 |η| < 1.0 3 0.8 < |η| < 1.7

Granularity ∆η ×∆φ in η range

EM presampler 0.025× 0.1 |η| < 1.52 0.025× 0.1 1.5 < |η| < 1.8
EM calorimeter 1st layer 0.025/8× 0.1 |η| < 1.40 0.050× 0.1 1.375 < |η| < 1.425

0.025× 0.025 1.40 < |η| < 1.475 0.025× 0.1 1.425 < |η| < 1.5
0.025/8× 0.1 1.5 < |η| < 1.8
0.025/6× 0.1 1.8 < |η| < 2.0
0.025/4× 0.1 2.0 < |η| < 2.4
0.025× 0.1 2.4 < |η| < 2.5
0.1× 0.1 2.5 < |η| < 3.2

EM calorimeter 2nd layer 0.025× 0.025 |η| < 1.40 0.050× 0.025 1.375 < |η| < 1.425
0.075× 0.025 1.40 < |η| < 1.475 0.025× 0.025 1.425 < |η| < 2.5

0.1× 0.1 2.5 < |η| < 3.2
EM calorimeter 3rd layer 0.050× 0.025 |η| < 1.35 0.050× 0.025 1.5 < |η| < 2.5

LAr hadronic end-cap calorimeter 0.1× 0.1 1.5 < |η| < 2.5
0.2× 0.2 2.5 < |η| < 3.2

LAr forward calorimeter 1st layer 3.0× 2.6 3.15 < |η| < 4.30
0.75× 0.65 3.10 < |η| < 3.15
0.75× 0.65 4.30 < |η| < 4.83

LAr forward calorimeter 2nd layer 3.3× 4.2 3.24 < |η| < 4.50
0.825× 1.05 3.20 < |η| < 3.24
0.825× 1.05 4.50 < |η| < 4.81

LAr forward calorimeter 3rd layer 5.4× 4.7 3.32 < |η| < 4.60
1.35× 1.175 3.29 < |η| < 3.32
1.35× 1.175 4.60 < |η| < 4.75

Tile calorimeter 1st, 2nd layer 0.1× 0.1 |η| < 1.0 0.1× 0.1 0.8 < |η| < 1.7
Tile calorimeter 3rd layer 0.2× 0.1 |η| < 1.0 0.2× 0.1 0.8 < |η| < 1.7

39



as a function of |η|, in front of the electromagnetic calorimeters, in the electromagnetic
calorimeters themselves, in each hadronic calorimeter.

Figure 3.10: The cumulative amount of material in units o interaction length, as a
function of |η|, in front of the electromagnetic calorimeters, in the electromagnetic
calorimeters themselves, in each hadronic calorimeter [29]. The total amount of ma-
terial in front of the first active layer of the muon spectrometer up to |η| < 3.0 is also
shown by light-blue filled area.

Tile calorimeter The tile calorimeter is placed directly outside of the EM calorime-
ter in the central barrel region. The central barrel part covers the region |η| < 1.0 and
two extended barrels cover 0.8 < |η| < 1.7. This is a sampling calorimeter using 14
mm thick steel plates as the absorber and 3 mm thick scintillating tiles as the active
material in one period. It is longitudinally segmented in three layers approximately
1.5, 4.1 and 1.8 interaction length thick for the barrel and 1.5, 2.6 and 3.3 interaction
length for the extended barrel. Two sides of the scintillating tiles are read out by
wavelength shifting fibers into two separate photomultiplier tubes.

LAr hadronic end-cap calorimeter The hadronic end-cap calorimeter (HEC)
consists of two independent wheels in each end-cap, located behind the end-cap EM
calorimeters. To reduce the drop in material density in the transition between the end-
cap and the forward calorimeter around |η| = 3.1, the HEC extends out to |η| = 3.2.
Also the HEC covers up to |η| = 1.5 in the barrel region and slightly overlaps with the
barrel tile calorimeter which covers |η| < 1.7. Each wheel has for layer. The innermost
layer is built from 25 mm parallel copper plates, while the outer layers use 50 mm cop-
per plates, interleaved with 8.5 mm LAr gaps as the active medium for this sampling
calorimeter.

LAr forward calorimeter The forward calorimeter (FCal) is integrated into the
end-cap cryostats covering the range of 3.1 < |η| < 4.9. The FCal is approximately
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ten interaction lengths deep and consists of three modules in each end-cap. The first
is made of copper optimized for electromagnetic measurements. The other two are
made of tungsten for hadronic interaction measurements. The Liquid argon is also
used as the sensitive medium. In order to reduce the amount of neutrons reflected into
the inner detector cavity, the front face of the FCal is recessed by about 1.2 m with
respect to the EM calorimeter front face. To compensate it, the density of the detector
is raised.

3.2.5 Muon system

The ATLAS muon system measures the muon momentum using the magnetic deflection
of muon tracks in the superconducting air-core toroid magnets. Over the range |η| <
1.4, magnetic bending is provided by the barrel toroid. For 1.6 < |η| < 2.7, muon
tracks are bent by the two end-cap magnets inserted into both ends of the barrel
toroid. Between these regions, 1.4 < |η| < 1.6, the magnetic field is provided by a
combination of barrel and end-cap magnets.

For the measurement of muon hit positions, four types of muon chambers are used.
Figure 3.11 shows the layout of the muon system.

Monitored Drift Tubes (MDT’s) measure the track coordinates precisely in the
range |η| < 2.7 except for the innermost plane (|η| < 2.0 in the innermost plane).
These chambers consist of three to eight layers of drift tubes, which achieve an average
resolution of 80 µm per tube, or about 35 µm per chamber. In the center of the detector
(|η| ≈ 0), a gap in chamber coverage has been left open to allow the gap varies from
sector to sector depending on the service necessities.

Cathode Strip Chambers (CSC’s), which are multiwire proportional chambers with
cathodes segmented into strips, are used in the innermost plane 2.0 < |η| < 2.7 for
additional precise coordinate measurement. The resolution of chamber is 40 µm in the
bending plane and about 5 mm in the transverse plane. The difference in resolution is
due to the different readout pitch.

The muon trigger system consists of Resistive Plate Chambers (RPC’s) and Thin
Gap Chambers (TGC’s) covering |η| < 1.0 and 1.05 < |η| < 2.4 respectively.

RPC’s consist of three concentric cylindrical layers around the beam axis, referred
to as the three trigger stations. The large lever arm between inner and outer stations
permits the trigger to select high momentum tracks in the range of pT = 9-35 GeV,
while the two inner chambers provide the low-pT trigger in the range 6-9 GeV. Each
station further consists of two independent detector layers, each measuring η and φ.

TGC’s are multi-wire proportional chambers with the wire-to-wire distance of
1.8 mm. TGC’s are also used to determine azimuthal coordinate to complement the
measurement of the MDT’s in the bending direction.

3.2.6 Trigger system

The ATLAS experiment is designed to receive data at a rate of around 40 MHz but
the data acquisition system can only commit data to permanent storage at the rate
of a few hundred Hz. To select ’interesting’ data from the large number of incoming
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Figure 3.11: Cut-away view of the ATLAS muon system [29].

events, the ATLAS trigger system is divided into three levels, Level 1 (L1), Level 2
(L2) and the event filter (EF).

The L1 trigger searches for high transverse-momentum muons, electrons, photons,
jets, τ -leptons decaying into hadrons, large missing and total transverse energy. In
each event, the L1 trigger defines one or more Regions-of-Interest (RoI) which is the
geographical coordinate in η and φ where the detector identified interesting features.
The maximum L1 accept rate which the detector readout systems can handle is 75
kHz and the L1 decision must reach the front-end electronics within 2.5 µs after the
bunch-crossing with which it is associated.

The L2 trigger is seeded by the RoI information provided by the L1 trigger to limit
the amount of data which must be transferred from the detector readout. The L2 is
designed to reduce the trigger rate to approximately 3.5 kHz within an event processing
time of about 40 ms on average.

The final stage of the event selection, the EF trigger reduces the event rate to
roughly 200 Hz. Its selections are implemented using offline analysis software.

Prescale

For the physics analysis, the events collected by the raw trigger rates are used. With
the increase of the luminosity, to keep the trigger rates the same, the thresholds of
kinematics need to be raised. However, for studies of physics objects or triggers,
soft events with high rates must also be collected. To trigger on such events given
the limited trigger bandwidth, only a fraction of such events can be collected by the
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triggers. The reciprocal of this fraction is called the prescale.
The whole trigger system can operate with prescales and each individual trigger

chain can be scaled to match the desired content of the final data sample. Trigger for
which no prescale is applied as referred to as an unprescaled trigger.

3.2.7 Luminosity detectors

Two primary detectors are used to measure bunch-by-bunch luminosity.
The LUCID (Luminosity measurement using a Cerenkov Integrating Detectors) are

located on the each side of the interaction point (IP) at a distance of 17 m, covering
the pseudorapidity range 5.6 < |η| < 6.0. The LUCID are made of aluminum tubes
filled with C4F10 gas and surrounds the beampipe as shown in Figure 3.12 (left). It can
measure the integrated luminosity and provide online monitoring of the instantaneous
luminosity and beam conditions.

The Beam Conditions Monitor (BCM) consists of four small diamond sensors on
each side of the ATLAS IP arranged around the beampipe in a cross pattern. It is
located at z = ±184 cm and r = 5.5 cm, which corresponds to a |η| = 4.2. Figure
3.12 (right) shows the installed BCM. The BCM is a fast device primarily designed to
monitor background levels and issue a beam-abort request in case beam losses start to
risk damage to ATLAS detectors.

Figure 3.12: The cut-away view of the LUCID detector (left) and close-up view of one
BCM station installed at 184 cm from the center of the pixel detector.
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Chapter 4

Data and Monte Carlo Simulation

4.1 Data samples

With the ATLAS detector, 5.25 fb−1 of proton-proton collisions at
√
s = 7 TeV were

recorded in 2011. Figure 4.1 shows the cumulative luminosity versus day/month. The
analysis presented in this thesis is based on a sample of proton-proton collisions at√
s = 7 TeV delivered by the LHC and collected by the ATLAS experiment between

22 March and 22 August 2011. Only data collected during stable beam periods in which
all sub-detectors were fully operational are used. The total integrated luminosity is
about 2.05 fb−1.
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Figure 4.1: Cumulative luminosity versus day/month delivered to (green) and recorded
by the ATLAS detector (yellow) during stable beams of p-p collisions at the center-of-
mass energy of 7 TeV in 2011 [32].
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4.1.1 Luminosity measurement

The general method for calibrating the ATLAS luminosity scale is based on van der
Meer (vdM) scans (also called beam-separation or luminosity scans) [33].

The luminosity of p-p collider can be expressed as

L =
µnbfr

σinel

(4.1)

where µ is the average number of inelastic interactions per bunch crossing, nb is the
number of colliding bunch pairs, fr is the machine revolution frequency, and σinel is the
p-p inelastic cross-section.

ATLAS monitors the delivered luminosity by measuring the observed interaction
rate per crossing µvis independently with a variety of detectors and using several dif-
ferent algorithms. The total luminosity can be written as

L =
µvisnbfr

σvis

(4.2)

where σvis = εσinel is the total inelastic cross-section multiplied by the efficiency ε of a
particular detector and algorithm.

The calibration of σvis is performed using dedicated vdM scans where the absolute
luminosity can be inferred from direct measurements of machine parameters. The
delivered luminosity can be written as

L =
nbfrn1n2

2πΣxΣy

(4.3)

where n1 and n2 are the bunch populations (protons per bunch) in beam 1 and beam 2
respectively, and Σx and Σy characterize the horizontal and vertical profiles of the
colliding beams. In a vdM scan, the beams are separated by steps of a known distance
which allows a direct measurement of Σx and Σy. Combining this with an external
measurement of the bunch charge product n1n2 provides a direct determination of the
luminosity when the beams are unseparated. By comparing this peak luminosity to
the peak interaction rate µMAX

vis observed by a given detector and algorithm during the
vdM scan, a determination of σvis can be made according to

σvis = µMAX
vis

2πΣxΣy

n1n2

. (4.4)

Two vdM scans have been performed to derive calibrations for the LUCID and BCM
detectors. The total relative uncertainty on the luminosity measurement of ATLAS
in the 2011 data sample is measured to be 3.7 % [34]. The dominant systematic
uncertainty on the luminosity calibration is the determination of the bunch charge
product, which is represented by n1n2 in Equation 4.4. This uncertainty is measured
to be 3.1 % [35].
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4.2 Monte Carlo simulation

In this section Monte Carlo (MC) samples used in this thesis are described. The
MC samples are produced using the ATLAS MC10b parameter tune [36, 37] and a
GEANT4 [38] based detector simulation.

The energy deposited by particles in the active detector material is converted into
detector signals in the same format as the detector read-out. The MC generated
events are processed through the trigger simulation package of the experiment and are
reconstructed with the same software as for the real data.

4.2.1 Standard Model process

Table 4.1 shows the SM process with cross-sections in the proton-proton collision at
the center-of-mass energy of 7 TeV. The detail of each process will be shown in this
section.

Table 4.1: The Standard Model processes with cross-sections times branching ratio.
Generators mainly used for each process are also shown.

Production process σ×BR (perturbative order) Generator

QCD di-jet (p̂T > 8 GeV) 11 mb (LO) PYTHIA
W (→ lν)+jets 31.5 nb (NNLO) ALPGEN with HERWIG+JIMMY
Z(→ νν̄)+jets 5.92 nb (NNLO) ALPGEN with HERWIG+JIMMY
Z/γ∗(→ l+l−)+jets (Mll > 10 GeV) 12.0 nb (NNLO) ALPGEN with HERWIG+JIMMY
Di-boson (WW , WZ, ZZ) 104 pb (NLO) HERWIG
tt̄ 164.6 pb (NLO+NLL) MC@NLO with HERWIG+JIMMY
single t 85.0 pb (NLO+NLL) MC@NLO with HERWIG+JIMMY
tt̄+ bb̄ 0.9 pb (LO) ALPGEN with HERWIG+JIMMY
tt̄+W/Z 0.4 pb (LO) MADGRAPH with PYTHIA

QCD di-jet

QCD di-jet events are generated with PYTHIA 6.4.21 [39]. MRST2007LO* modified
leading-order (LO) PDFs [40] are used. PYTHIA simulates non-diffractive collisions
in 2 → 2 scattering processes using a matrix-element (ME) plus parton shower model
in a leading log approximation. Hadronization, fragmentation and underlying event
are also modeled and simulated with PYTHIA.

Top pair and single top

Productions of top quark pair and single top quark are simulated with MC@NLO [41,
42] in which a top quark mass of 172.5 GeV and the next-to-leading order (NLO)
PDF CTEQ6.6 [43] are used. Figures 4.2 show Feynman diagrams of single-top quark
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production processes. Fragmentation and hadronization are performed with HER-
WIG [44, 45] using JIMMY [46] for the underlying event.

W+b
u (d)

t
d (u) b W�g

b t W+d
u

b
t

Figure 4.2: Feynman diagrams of single-top quark production process. The left shows
t-channel production, the center shows associated Wt production and the right shows
s-channel production.

The total cross-section of top pair production is normalized to 164.6+11.4
−15.7 pb which is

calculated at approximately NNLO precision and the scale uncertainty (the renormal-
ization and the factorization scales) and the PDF uncertainty are considered [47, 48].
The cross-sections of single top quark production processes are given in Table 4.2

Table 4.2: Cross-sections of single top quark production processes, shown with the
uncertainty [49, 50, 51].

process cross-section [pb]

t-channel 64.57+2.71
−2.01

W + t 15.74+1.06
−1.08

s-channel 4.63+0.19
−0.17

W and Z/γ∗

Samples of W and Z/γ∗ production with accompanying jets are produced with ALP-
GEN [52]. HERWIG plus JIMMY is applied for fragmentation and hadronization.
These samples are generated with different numbers of partons exclusively from zero
to four and inclusively from five and above. The MLM [53] matching scheme which
is implemented in ALPGEN is used to remove overlap between the the n and n + 1
parton samples from the matrix element (ME) and the parton shower.

Cross sections are normalized to NNLO calculations, following the strategy de-
scribed in [54]. A theoretical uncertainty of 4 % is assigned to the inclusive W and
Z+jets cross sections.

The systematic uncertainty on the MLM matching is studied in Reference [55]
where it is found that the variations of the renormalization scale by a factor of 1/2
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downward and a factor of 2 upward from the default value change the cross-section
ratios of (n+1)/n inclusive jet rate for ALPGEN samples. For this uncertainty, 24 % is
added in quadrature per parton. For an n parton process, the uncertainty is therefore
becomes

√
N × 24 %.

For W+jets production, associated production with b- and c-quarks are generated
differently, by giving masses to b- and c-quarks. For Z+jets production, only associated
production with b-quarks is generated differently. Overlap between heavy-flavor quarks
that originate from ME production and those that originate from the parton shower
is removed. For W+heavy-flavor jet production, a theoretical uncertainty of 17 % is
assigned following Reference [56]. For Z+heavy-flavor jet production, a theoretical
uncertainty of 15 % is assigned [57].

Di-boson

Samples of di-boson (WW , WZ, ZZ) production are produced with HERWIG. Their
total cross sections are normalized to the NLO QCD prediction from the MCFM pro-
grams following Reference [54]. A 5 % uncertainty is assigned to the theoretical values
of the cross-sections.

tt̄+ bb̄

The process tt̄ accompanying bb̄ is produced by ALPGEN with HERWIG plus JIMMY.
Its cross section is calculated at leading order only. Since no dedicated study has yet
been performed for this process, an uncertainty of ±100 % is assigned as the theoretical
systematic uncertainty. The downward uncertainty −100 % is the most conservative
value and the upward uncertainty +100 % is expected to be conservative enough be-
cause the ratio of the NLO to the LO cross-sections will not exceed 2 considering the
calculation of the other SM processes.

tt̄+W,Z

The process tt̄ accompanying W or Z is produced by MADGRAPH [58] interfaced with
PYTHIA. The cross-sections are calculated at leading order. Again, since no dedicate
study has been performed for these processes, an uncertainty of ±100 % is assigned as
the theoretical systematic uncertainty for the conservative estimate.

4.2.2 SUSY signals

SUSY signals are generated as follows.

1. Generate mass spectrum using ISAJET v7.80 [59] or SUSYHIT [60].

2. Pass the spectrum to HERWIG++ [61] v2.4.2 and generate the event. LO PDF
set MRST2007LO* is used.

3. Signal cross-sections are obtained in next-to-leading (NLO) order calculations
using PROSPINO [18, 17] v2.1.
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SUSY signal yield uncertainty

As theoretical uncertainties on the SUSY signal cross sections, the following sources
are considered.

• Renormalization and factorization scale : Since the calculated cross sections
depend on the choice of renormalization and factorization scales µR and µF, the
variations of them become the systematic uncertainty.

The central value of the cross-section is obtained by setting the scales equal to
the average of the produced supersymmetric particle masses, µR = µF = µ. The
variation of cross section by varying µ downward µ/2 and upward 2µ is considered
to be the systematic uncertainty.

• Parton Distribution Function (PDF) : CTEQ6.6M PDF sets [43] are used to
estimate the uncertainty of the parton distribution functions of the five lightest
quarks/anti-quarks and the gluons. The PDF sets come with 44 error sets (22
eigenvectors times up and down variations). The uncertainty due to the PDFs
are calculated by the so-called symmetric Hessian method. Let σPDF,i+/− (i =
1, ..., N) be cross-sections for the i-th PDF, + for the up and − for the down
variations. The PDF uncertainty on the cross-section ∆σPDF is then given by

∆σPDF =
0.5

1.645

√√√√
N∑

i=1

(σPDF,i+ − σPDF,i−)2. (4.5)

The denominator of 1.645 is to give a 68 % CL uncertainty instead of 90 % CL.

These uncertainties are summed in quadrature to give the total theoretical uncer-
tainty,

∆σtotal =
√

∆σ2
R/F + ∆σ2

PDF, (4.6)

where ∆σR/F is the uncertainty of renormalization/factorization scale.

4.3 Fast calorimeter simulation

For the simulation of the physics processes, a detailed description of the detector geom-
etry and the simulation of particle interactions in the detector material with GEANT4
is essential. The drawback of such detailed simulation is a CPU time requirement of
several minutes per event. This CPU time requirement is a challenge for the produc-
tion of sufficiently large amount of Monte Carlo samples. Hence an accurate but fast
detector simulation is useful.

Most of the CPU time more than 90 % is spent inside the calorimeter systems. The
FastCaloSim [62] package provides a parametrized simulation of the particle energy
response and of the energy distribution in the ATLAS calorimeter and reduce the
calorimeter simulation time to a few seconds per event. The parametrization is based
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on the GEANT4 simulations of single photons, electrons and charged pions in a fine
grid of simulated particle energies and directions.

The combination of the FastCaloSim package and the full GEANT4 simulation of
the inner detector and the muon system is called Atlfast-II.

4.3.1 Simplifications

For the fast simulation, the following simplifications are taken:

• The calorimeter cells are approximated by cuboids in η, φ and the depth of the
calorimeter with larger size (forward calorimeter cells are cuboids in x, y and z).

• The simulation of the development of particle showers in the calorimeter is re-
placed by parametrizations. The fast simulation model reproduces the longitu-
dinal shower properties, including fluctuations and correlations.

• Only three types of particles are parametrized and used for the simulation: pho-
tons, electrons and charged pions. The charged pions parametrization is used for
all hadrons (neutral and charged).

4.3.2 Application

Usually, hundreds of signal points are required for a new physics model search as shown
in Figure 7.8, 7.11 and so on. At the same time, large number of Monte Carlo simulated
samples are needed for each point with the increase of the integrated luminosity at the
LHC. The preparation of these signals with the full GEANT4 simulation are demand-
ing. Fortunately, the discrepancy between the full GEANT4 simulation and the fast
simulation is negligibly small compared to theoretical uncertainties on new physics
model. Figures 4.3 show the distributions of the leading jet pT and Emiss

T for the
mSUGRA model with m0 = 1320 GeV,m1/2 = 340 GeV, tan β = 40, A0 = −500 GeV
and µ > 0 comparing the full GEANT4 simulation and the fast calorimeter simula-
tion. The fast calorimeter simulation reproduces well the distribution of full GEANT4
simulation.

Therefore, this fast simulation is widely used for the production of new physics
models. The Monte Carlo simulation of supersymmetric models treated in this thesis
are also produced with the fast simulation.
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Figure 4.3: Comparison of the full GEANT4 simulation and fast calorimeter sim-
ulation with the leading jet pT (left) and Emiss

T using the mSUGRA model with
m0 = 1320 GeV,m1/2 = 340 GeV, tan β = 40, A0 = −500 GeV and µ > 0. The
statistical error bars are shown. The ratio fast simulation/full simulation is shown at
the bottom of the plots.
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Chapter 5

Object Reconstruction and
Definition

In this chapter, definition and methods of reconstruction for the physics objects used
in the analyses are introduced.

5.1 Track

Track reconstruction in the ATLAS inner detector is performed in the following steps [63].
Charged particle tracks with pT > 0.4 GeV and |η| < 2.5 are reconstructed from this
algorithm.

1. Pre-processing stage

The raw data from the pixel and SCT detectors are converted into clusters and
the TRT raw timing information is translated into calibrated drift circles. The
SCT clusters are transformed into space-points, using a combination of the cluster
information from back-to-back of a SCT module.

2. Track-finding stage

The default tracking uses the high granularity of the pixel and SCT detectors to
find prompt tracks originating from the interaction region, following an “inside-
out” pattern recognition algorithm. First, track seeds are formed from a combi-
nation of space-points in the three pixel layers and the first SCT layer. These
seeds are then extended through the SCT to form track candidates.

Next, these candidates are fitted, the clusters with bad quality of the fit (called
outlier) are removed, ambiguities in the cluster-to-track association are resolved,
and fake tracks are rejected. Here, quality of refitted tracks

The selected tracks are then extended into the TRT to associate drift-circle in-
formation in a road around the extrapolation and to resolve the left-right ambi-
guities.
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Finally, the extended tracks are refitted with the full information of all three
detectors. The quality of the refitted tracks is compared to the silicon-only track
candidates and hits on track extensions resulting in bad fits are labeled as outliers.

3. Post-processing stage

A dedicated vertex finder is used to reconstruct primary vertex candidates. This
is followed by algorithms dedicated to the reconstruction of photon conversions
and of secondary vertices.

5.2 Jet

5.2.1 Reconstruction

Jets (in a narrower sense, called calorimeter jets) are reconstructed in the following
steps.

1. Clustering of calorimeter cells to build inputs for jets.

2. Running a jet finding algorithm with a full four-momentum recombination scheme,
using the clusters of calorimeter cells.

3. Calibrating the reconstructed jets to the hadronic energy scale.

The details of each step are described in the following sections.
For the analyses described in this thesis, jets with pT > 20 GeV (in the hadronic

energy scale) and |η| < 2.8 are preselected.

5.2.2 Clustering of calorimeter cells

Clusters are built starting from seed calorimeter cells with a signal at least four times
higher than the root-mean-square (RMS) of the noise distribution. Cells neighboring
the seed which have a signal-to-RMS-noise ratio of two are then iteratively added.
Finally, all nearest neighbor cells are added to the cluster without any energy threshold.
These form three-dimensional topological clusters (topo-clusters). The cluster position
is calculated using the energy weighted cell positions.

5.2.3 Jet finding algorithm

Jets are reconstructed using topo-clusters as an input to the jet finding algorithm
anti-kt [64] with a distance parameter of R = 0.4 using the FastJet software [65].

In the algorithm, one defines distances dij between entities i and j and diB between
entity i and the beam (B). The clustering proceeds by identifying the smallest of the
distances and if it is a dij recombining entities i and j, while if it is diB, calling entity
i a jet and removing it from the list of entities. The distances are recalculated and the
procedure is repeated until no entities are left.
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These distances are defined as follows:

dij = min
(
k2p

ti , k
2p
tj

) ∆2
ij

R2
, (5.1)

diB = k2p
ti (5.2)

where ∆2
ij = (yi − yj)

2 + (φi − φj)
2 and kti, yi and φi are the transverse momentum,

rapidity and azimuthal angle of entity i, respectively. R is a distance parameter and
p is a parameter to govern the relative power of the energy versus geometrical (∆ij)
scales. In the anti-kt algorithm, p = −1 is adopted, therefore it is referred as the
“anti-kt” jet clustering algorithm.

There are other jet finding algorithms which use different p parameters. The kt

algorithm [66, 67] uses p = 1 and the Cambridge/Aachen algorithm [68, 69] uses
p = 0. Since the anti-kt algorithm has several advantages over these algorithms [64],
it is adopted as the default jet reconstruction in ATLAS.

5.2.4 Calibration

Jets are reconstructed using calorimeter clusters at the electromagnetic (EM) scale.
This EM energy scale is calibrated based on the energy deposit in the calorimeter by
electromagnetic showers. This energy scale is established using test-beam measure-
ments for electrons in the barrel and end-cap calorimeters [70, 71].

The final jet energy is obtained by applying corrections for hadronic energy scale
as well as energy losses in the dead material. The correction is derived form Monte
Carlo simulations that restore the calorimeter response of the reconstructed jet to the
true jet response [72].

For this purpose, truth jets (or particle jets) are defined in MC simulations. They
are built from stable particles produced by the fragmentation model in the physics
generator. In ATLAS, stable particles are defined as those with the lifetime of 10
picoseconds or more in the laboratory frame. Typically they include electrons, muons,
photons, charged pions, charged and neutral kaons, protons, neutrons, neutrinos and
their corresponding antiparticles. Neutrinos and muons are excluded from the truth-jet
reconstruction, since they are almost invisible in the calorimeter. The same jet finding
algorithm is applied for interacting stable particles to reconstruct truth jets.

The uncertainty for the jet energy scale (JES) is determined from the measurements
of calorimeter response to single hadrons and from the comparison of the jet response
of the ATLAS detector in Monte Carlo simulation samples with systematic variations.
Figures 5.1 show the overall jet energy scale uncertainty for anti-kt jets with a distance
parameter of R = 0.6 as a function of jet pT. The size of the JES uncertainty for anti-kt

jets with a distance parameter R = 0.4 is similar to that of jets shown in Figures 5.1.
The jet energy calibration was tested in-situ, using a well calibrated object as a ref-

erence and comparing data to the PYTHIA Monte Carlo simulation: direct transverse
momentum balance between a jet and a photon [73], photon balance using the missing
transverse momentum projection [73], balance between a high-pT jet recoiling against
one or more lower-pT jets [74], and finally by comparison of jet calorimeter energy to
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Figure 5.1: Relative jet energy scale systematic uncertainty as a function of jet pT for
jets in the region 0.3 < |η| < 0.8 in the calorimeter barrel (left) and in the region
2.1 < |η| < 2.8 in the end-cap calorimeter (right) [72]. The total uncertainty is shown
as the solid light blue area. The individual sources are also shown, with statistical
uncertainties when applicable.

the momentum carried by tracks associated to a jet [75]. Figure 5.2 shows the compar-
ison of data to MC simulation for these in-situ measurements together with the JES
uncertainty. These results support the estimate of the default jet energy calibration.

Close-by jet effects

In the JES calibration, isolated jets are used. Jets are classified as isolated if they fulfill
the requirement of Rmin > 2.5×R where Rmin ≡

√
∆η2

min + ∆φ2
min is the distance from

the jet to the closest jet in η and φ with pT > 7 GeV at the EM energy scale, and R
is the distance parameter used in the anti-kt algorithm.

In this analysis, all jets are used, including non-isolated jets. Therefore the impact
on the non-isolated jet energy scale due to close-by jets is evaluated as a function of
Rmin in Reference [76].

This evaluation uses the fact that the track-jet response is stable against the pres-
ence of close-by jets and has a much weaker Rmin dependence than the calorimeter-jet
response. Here, track-jets are reconstructed with the same jet algorithm as calorimeter-
jets, but using tracks as an input. Track-jets are defined in detail in Reference [77].
This is because tracks have a better position and angular resolution than calorimeter
clusters. This lead to a smaller energy transfer between two close jets when jets are
reconstructed. Figures 5.3 show the calorimeter-jet response relative to the matched
truth-jet and the track-jet response relative to the matched truth-jet as a function of
truth-jet pT.

The jet energy scale uncertainty for non-isolated jets is evaluated by the pT ratio
of the calorimeter-jet response relative to the matched track-jet r = pcal

T /ptrack
T . The

relative difference of non-isolated jets (Rmin) with respect to that of isolated jets (1.4 <
Rmin < 1.5) rnon-iso/riso is then compared between data and MC simulations:

Aclose-by =
[rnon-iso/riso]data

[rnon-iso/riso]MC

. (5.3)
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Figure 5.3: Ratio of calorimeter-jet pT (left) and of track-jet pT (right) to the matched
truth-jet pT as a function of truth-jet pT for anti-kt jets with R = 0.6 for different
Rmin values of jets [76]. The bottom part of the figures show the relative response of
non-isolated jets with respect to that of isolated jets, obtained as the calorimeter- or
track-jet response for Rmin < 1.0 divided by the jet response for 1.4 < Rmin < 1.5.
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Figure 5.4 shows Aclose-by as a function of calorimeter-jet pT for anti-kt jets with the
distance parameter R = 0.4. Aclose-by differs from one by at most ∼ 3 % within the
statistical uncertainty depending on the Rmin value in the range of R < Rmin < R+0.3,
and shows no significant jet pT dependence over the measured pT range. Table 5.1
shows a summary of the systematic uncertainty of JES assigned for non-isolated jets.
These values are added in quadrature to the JES uncertainty obtained for isolated jets.
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Figure 5.4: Data to MC ratio of the relative response of non-isolated jets with respect
to that of isolated jets for anti-kt jets with the distance parameter of R = 0.4 [76].

Table 5.1: Summary of jet energy scale systematic uncertainty assigned for non-isolated
jets accompanied by a close-by jet within the denoted Rmin ranges [76].

Rmin range 20-30 GeV > 30 GeV

0.4 < Rmin < 0.5 2.7 % 2.8 %
0.5 < Rmin < 0.6 1.7 % 2.3 %
0.6 < Rmin < 0.7 2.5 % 2.7 %

0.7 < Rmin 0 %

Pile-up

The above measurements were performed using 2010 data but in 2011 the pile-up con-
dition has been changed significantly. In the present jet reconstruction, the bias to
the jet energy from the pile-up is not applied and it is considered as a systematic un-
certainty in the JES. This bias was measured using MC simulations and the result is
confirmed by the comparison of the gamma-jet data in 2010 and 2011 for the central
region and by a di-jet balance analysis for the forward region. The systematic uncer-
tainty of the JES from the pile-up is determined as shown in Table 5.2 and it is added
in quadrature to the other uncertainties on the jet energy scale.
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Table 5.2: Additional uncertainty to the jet energy scale due to pile-up conditions in
2011 data

0 ≤ |ηjet| < 2.1 2.1 ≤ |ηjet| < 4.5

20 GeV < pjet
T ≤ 50 GeV 5 % 7 %

50 GeV < pjet
T ≤ 100 GeV 2 % 3 %

100 GeV < pjet
T 0 %

Gluon-, light-flavor-quark jet uncertainty

The jet energy scale determination is based on the QCD di-jet samples, which are ex-
pected to consist mostly of gluon-initiated jets at low pT and central rapidity. However,
in some conditions, quark-initiated jets can dominate. Therefore the difference of the
calorimeter response to gluon- and (light-)quark jets can be a systematic uncertainty
to the jet energy scale. This uncertainty is studied in Reference [78]. The difference
between the heavy-flavor-quark jets are described in the next section.

Jets in the MC simulation are identified as gluon-jets or quark-jets using the partons
in the generator event record. The highest energy parton that points to the jet (∆R <
0.4 for the jet with the distance parameter of R = 0.4) determines the flavor of the jet.

The jets identified as gluon-jets tend to have more particles, and those particles
tend to be softer than in the case of quark-jets. Additionally, the gluon-jets tend to
be wider (i.e. with lower energy density in the core of jet) before interacting with
the detector. The magnetic field of the inner detector amplifies the broadness of
gluon-jets, since their low-pT charged particles tend to bend more than the higher-
pT particles in quark-jets. The harder particles in quark-jets additionally tend to
penetrate further into the calorimeter. These differences lead to overestimate of the
energy of light-flavor-quark jets comparing with the energy of gluon-jets. Figures 5.5
show the difference in calorimeter response between gluon-jets and quark-jets for jets
with distance parameter R = 0.4 and separately for jets in the barrel (|η| < 0.8) and
end-cap (2.1 ≤ |η| ≤ 2.8) calorimeters. In all cases, the difference is larger at low-pT

(up to 6 %) and falls to several percent at high-pT. In Reference [78], the composition
of jet flavors in the samples used for the jet energy scale determination is validated;
data and MC simulation agree within the systematic uncertainties.

Since a variety of signal models is treated in this thesis, the jet flavor composition
is not the same. Therefore, the difference of the jet energy scale between gluon-jets
and quark-jets is taken as a systematic uncertainty, taking conservative values.

Heavy-flavor-quark jet uncertainty

To account for the leptonic decay of heavy-flavor hadrons in a jet, an additional uncer-
tainty is assigned to b-tagged jets; (b-tagging is described in Section 5.7). Figure 5.6
shows the ratio of reconstructed calorimeter-jet pT to the truth-jet pT for b-tagged and
non-b-tagged jets as a function of truth-jet pT in the Monte Carlo simulation. The
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Figure 5.5: Response as a function of truth-jet pT for all jets in the di-jet sample
(black solid circles), gluon-jets (red open squares), and light-flavor-quark jets (blue
open circles) falling in the barrel (left) and in the end-cap (right) in MC simulation.
Jets are reconstructed with the anti-kt algorithm with the distance parameter R = 0.4
and calibrated with the EM+JES calibration scheme.

b-tagged jets tend to have smaller energy than non-b-tagged jets because of the loss of
energy by the leptonic decay of heavy-flavor hadrons. The difference is smaller than
2 % for all pT ranges. For the systematic uncertainty of the JES for heavy-flavor-quark
jets, 2.5 % is added in quadrature for the b-tagged jets as a conservative estimate.

5.3 Electron

Electron reconstruction [79] starts from the clustering of cells in the electromagnetic
calorimeter, which are then associated to reconstructed tracks of charged particles in
the inner detector. The details are described in the following.

5.3.1 Cluster reconstruction

Seed clusters to be used for electron reconstruction are formed with energies above
2.5 GeV by a sliding window algorithm [80]. Here the seed clusters are 3 × 5 in η/φ
middle layer cell units (0.025× 0.025). After an energy comparison, duplicate clusters
are removed from nearby seed clusters.

5.3.2 Inner detector tracks

Inner detector tracks are reconstructed as described in Section 5.1. In the region
covered by tracking detectors (|η| < 2.5), an electron is defined by the existence of one
or more reconstructed tracks matched to a seed cluster.
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Figure 5.6: The ratio of reconstructed calorimeter-jet pT to truth-jet pT for b-tagged
and non-b-tagged jets as a function of the truth-jet pT.

5.3.3 Track-to-cluster matching

Reconstructed tracks are matched to seed clusters by extrapolating them from their
last measurement point to the second layer of the calorimeter. The impact point η
and φ coordinates are then compared to the corresponding seed cluster η and φ in
that layer. If their difference is below a certain threshold then the track is considered
matched to the cluster. To account for Bremsstrahlung losses, the sign-corrected ∆φ
window is larger on the side where the extrapolated track bends as it traverses the
tracker magnetic field.

If several tracks are matched to the same cluster, tracks with SCT hits are preferred
and the one with the smallest ∆R distance to the seed cluster is chosen.

Finally the electron four-momentum is computed using in addition the track in-
formation from the best track matched to the original seed cluster. The energy is
computed as a weighted average between the cluster energy and the track momentum
if the track satisfies the following conditions.

• NHits > 3 || pT,track > 2 GeV, where NHits is the sum of the number of hits in the
pixel detector and the SCT for the track, pT,track is the transverse momentum of
the track.

• σ =
√

Eclus−ptrack

σ2
Eclus

+σ2
ptrack

≤ 3 where Eclus and σEclus
are the energy of the cluster and its

uncertainty, ptrack and σptrack
are the momentum of the track and its uncertainty.

When the conditions are not satisfied, the cluster energy is used.
The φ and η directions are taken from the corresponding track parameters unless
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NHits defined above is less than three, in which case η is provided by the cluster η-
pointing.

5.3.4 Further optimization of identification

The baseline electron identification in ATLAS relies on cuts using variables that provide
good separation between isolated electrons and jets (faking electrons). These variables
include calorimeter, tracker and combined calorimeter/tracker information. They are
given as an input to a multi-variate analysis program (TMVA [81]) in order to perform
a cut optimization in 10 bins of cluster η (defined by calorimeter geometry, detector
acceptances and regions of increasing material in the inner detector) and 11 bins of
cluster ET (from 5 to 80 GeV). This allows for a proper handling of corrections between
variables assuring the highest possible electron efficiency for a given jet rejection.

The following describes the details of the variables used.

• The hadronic leakage defined as the ratio of ET in the first layer of the hadronic
calorimeter to ET of the EM cluster and the ratio of ET in the hadronic calorime-
ter to ET of the EM cluster using the range of |η| < 0.8 and |η| > 1.37.

• The lateral width of the shower in the second layer of the EM calorimeter

• The ratio in η of cell energies in 3× 7 versus 7× 7 cells in the second layer of the
EM calorimeter.

• The total shower width in the first layer of the EM calorimeter.

• The ratio of the energy difference associated with the largest and the second
largest energy deposit over the sum of these energies in the fist layer of the EM
calorimeter.

• The cuts on the number of pixel-layer hits and on total number of SCT hits
are set to ≥ 1 and ≥ 7 respectively. These values have shown to provide high
efficiency with good rejection while being at the same time quite robust.

• Following a similar argument, the cut on the ∆η matching between the extrap-
olated track and the cluster ∆η1 = |η1st layer

calo − ηtrack| is set to ≤ 0.01.

• The cut on the electron transverse impact parameter d0 measured at the perigee
with respect to the beam spot is set to ≤ 5 mm.

5.3.5 Identification criteria

Electrons are preselected using the above criteria and are required to have pT > 20 GeV
and |ηcl| < 2.47, where ηcl is the electromagnetic cluster associated with the electron.
These criteria for electrons are defined as loose in this thesis.

For higher rejection of fake electrons, tight criteria in this thesis are defined as
follows.
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• The number of hits in the innermost layer of the pixel detector is greater than
one.

• ∆φ between the cluster position in the second layer of the calorimeter and the
extrapolated track is required to be less than 0.02.

• Cluster energy over track momentum (E/p) cut is optimized for each η and ET

range.

• The difference of the total number of TRT hits between the measured and the
expected is required to be within 15.

• Fraction of high threshold TRT hits is optimized for each η and ET range.

• Electrons matching reconstructed conversion photons are rejected. Details on
how photon conversions reconstructed are given in [82].

• More stringent cuts on ∆η (< 0.005) and the impact parameter cut (< 1.0 mm)
than the baseline selection.

• The total transverse momentum of the tracks in a cone of ∆R = 0.2 from a
electron (expect for the tracks matched to the electron) divided by the electron
transverse momentum is smaller than 0.1.

5.3.6 Performance

To correct for the differences of energy scale and resolution between data and MC
simulation, energy resolution of electrons in MC samples are smeared and the energy
scale of electrons in data is rescaled according to the measurements described in [83].
The measurements were performed for Z → e+e−, W → eν and J/ψ → e+e− events
and these results are combined. Figures 5.7 show the energy-scale correction factor
α as a function of the electron energy for the barrel and the end-cap regions. The
energy-scale correction factor is defined by

α ≡ Emeas − Etrue

Etrue
(5.4)

where Emeas is the energy measured by the calorimeter after the MC-based energy-scale
correction and Etrue is the true electron energy.

Moreover, scale factors that take into account the discrepancies between data and
MC simulation in the electron reconstruction and identification efficiencies are applied
to MC events. For example, Figure 5.8 shows the reconstruction efficiencies as a
function of electron ET and Figures 5.9 show the identification efficiencies for tight
selection as a function of electron ET and η.
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Figure 5.7: The energy-scale correction factor as a function of the electron energy for
|η| < 0.6 (left) and 1.52 < |η| < 1.8 (right) using Z → e+e− (black filled circles),
J/ψ → e+e− (blue filled squares) and W → eν decays (brown filled triangles) [83].
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Figure 5.9: The identification efficiencies measured from Z → e+e− events and pre-
dicted by MC for tight identification as a function of ET integrated over |η| < 2.47
excluding the transition region 1.37 < |η| < 1.52 (left) and η integrated over 20 GeV
< ET < 50 GeV [83]. The results for the data (black filed circles) are shown with their
statistical uncertainties (inner error bars) and total uncertainties (outer error bars).
The statistical error on the MC efficiencies plotted as blue open squares is negligible.

5.4 Muon

Muons are selected by the STACO algorithm [84], which matches a standalone muon
to a nearby inner detector track and then combines the two into one muon object. The
details of the algorithm are as follows.

5.4.1 Standalone muons

The standalone algorithm first builds track segments in each of the three muon stations
and then links the segments to form tracks. In STACO-family algorithms, an algorithm
called Muonboy [85] is used to find the spectrometer tracks and extrapolate them to
the beam line. The extrapolation accounts for both multiple scattering and energy loss
in the calorimeter. In Muonboy, energy loss is assigned based on the material crossed
in the calorimeter.

5.4.2 Inner detector muons

For the inner detector muon candidates, tracks reconstructed by the standard ATLAS
software are used as described in Section 5.1.

5.4.3 Combined muons

The match chi-square defined as the difference between the standalone muon track and
the inner detector track vectors weighted by their combined covariance matrix:

χ2
match = (TMS −TID)T (CID + CMS)

−1 (TMS −TID) (5.5)
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is used to determine which pair of them should be retained. Here T denotes a vector of
five track parameters, which are expressed at the point of closest approach to the beam
line, and C is the covariance matrix. The subscript ID refers to the inner detector and
MS to the muon spectrometer.

Then the combined muon track vector is given by

T = (C−1
ID + C−1

MS)
−1(C−1

IDTID + C−1
MSTMS). (5.6)

The ID dominates the measurement up to pT ∼ 80 GeV in the barrel and pT ∼ 20
GeV in the end-cap. For higher pT . 100 GeV the ID and MS measurements have
similar weight while the MS dominants at pT & 100 GeV.

5.4.4 Further selection

Muons are considered for the analysis only if pT > 10 GeV and |η| < 2.4.
Furthermore, the following quality cuts on the tracks are applied.

• One hit in the innermost layer of the pixel detector if a hit is expected.

• At least one hit in any pixel layers.

• At least six SCT hits.

• A successful TRT-extension where it is expected. This requirement can be writ-
ten as follows.

Define NTRT as the number of hits in the TRT associated to to the track, and
Noutliers

TRT as the number of TRT outliers on the muon track, where outliers is a
set of nearby TRT hits when the track fit quality is bad. For |η| < 1.9 muons
are required to have NTRT = Nhits

TRT +Noutliers
TRT > 5. Tracks with NTRT > 5 should

satisfy Noutliers
TRT < 0.9 ∗NTRT

5.4.5 Performance

The muon reconstruction efficiencies have been measured from the experimental data
using a tag-and-probe method with the di-muon decay of the Z boson as described in
Reference [86]. The measurement has been performed for the data taken in 2011 also
and MC simulations are scaled to data. The results are consistent with the measure-
ments of 2010 data. Figures 5.10 show the measured efficiencies for combined muons
from the experimental data and Monte Carlo simulation as a function of muon pT and
η.

At η ∼ 0 the MS is only partially equipped with muon chambers to provide space
for services of the ID and the calorimeters. This causes an efficiency drop in this region.
The efficiency drop in the transition region (|η| ∼ 1.2) is due to the limited accuracy
of the magnetic field map used in the reconstruction of the ATLAS data in this region.

To correct the imperfect muon pT resolution and energy scale predicted by the MC
simulation with respect to the data, the di-muon invariant mass distribution at the Z
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Figure 5.10: Reconstruction efficiencies and scale factors for the combined muons ob-
tained from data (black filled circles) and Monte Carlo simulation (blue open triangles)
are shown in the upper part of each figure. The corresponding scale factors are shown
in the lower part [86].

pole [87]. This measurement is performed for 2011 data and an additional smearing
and rescaling of the muon pT is applied to MC simulations for MS and ID respectively.
Figures 5.11 show di-muon mass resolutions of the inner detector track and the muon
spectrometer as a function of muon η comparing data and MC simulation. An overall
discrepancy between measured and simulated resolution is observed in all η regions. It
is partially understood as a result of the limited accuracy with which the calibration
and alignment constants. For the MS, inaccuracies in the description of the detec-
tor material and the magnetic field can also contribute to a poorer resolution at low
momentum.

Figure 5.11: Di-muon mass resolutions of the inner detector (left) and the muon spec-
trometer (right) in different η region. The experimental resolution (black filled circles)
is compared to Monte Carlo prediction using PYTHIA generated Z → µ+µ− events
(red filled diamonds) [88].
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5.4.6 Identification criteria

The above requirements are applied as loose criteria for muons in this thesis.
For tight criteria, the total transverse momentum of tracks reconstructed in a cone

of ∆R = 0.2 around the muon is required to be less than 1.8 GeV to reduce muons
from the leptonic decay of heavy-flavor hadrons.

5.5 Missing transverse momentum

The Emiss
T is reconstructed by object-based algorithm described below. For electrons,

loose selection criteria described in Section 5.3 are applied. For jets, the same criteria
and energy calibration are applied as in the standard jet selection for this thesis, except
that the η range is extended to |η| < 4.5. Remaining calorimeter clusters not belonging
to high pT objects are included in the CellOut term. The Emiss

T is corrected by muons
identified by loose criteria described in Section 5.4. Then the final Emiss

T is given by

Emiss
x(y) = −

∑

electron

pelectron
x(y) −

∑
jet

pjet
x(y) −

∑
muon

pmuon
x(y) −

∑

CellOut

pCellOut
x(y) (5.7)

Emiss
T =

√
(Emiss

x )2 +
(
Emiss

y

)2
. (5.8)

and the azimuthal position of the Emiss
T vector is given by

φmiss = arctan
(
Emiss

y /Emiss
x

)
. (5.9)

The energy scale uncertainties of jets, electrons and muons are propagated to the
Emiss

T calculation and it is taken as the uncertainty of the Emiss
T . The uncertainty on

the CellOut term is evaluated in Reference [89] and was found to be about 13 % on∑
CellOut p

CellOut
x(y) . Since the contribution from the CellOut Emiss

T term is much smaller

than Emiss
T after requiring several jets, its systematic uncertainty on Emiss

T is negligibly
small.

5.6 Pile-up reweighting

Monte Carlo simulated samples are usually produced before or during the data taking
period. In this case, only a best-guess of pile-up conditions in data can be put into the
simulation. To solve this situation, a method to reweight the MC simulated samples
according to the pile-up conditions was developed.

If the bunch separation of the LHC is large, the number of reconstructed vertices
is a good measure of pile-up. It is directly connected to the so-called “in-time” pile-
up, which is the number of interactions in the same bunch crossings. However, in
the 2011 data taking period, the LHC is running with the bunch trains with an in-
train bunch separation of 50 ns. In this condition, the “out-of-time” pile-up, which
are the additional interactions in preceding bunch crossings and which distort the
signal shape, is significant and the number of vertices in a given event is not a good
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measure. Instead, the average number of pile-up interactions (computed from the beam
parameters) denoted as 〈µ〉 in the following is used.

MC simulated samples are produced with a wide range of 〈µ〉 (from 0 to 20) to
cover future data period. Figure 5.12 (left) shows the 〈µ〉 distributions for the default
MC samples and data. The 〈µ〉 of data was measured using the online luminosity
monitors. When the MC simulation is compared to data, MC simulated samples are
reweighted according to each 〈µ〉 value to reproduce the data distribution as shown in
Figure 5.12 (right).
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Figure 5.12: Average number of interactions per bunch crossing measured in data sam-
ples and produced for Monte Carlo simulation samples (left). Monte Carlo simulation
after reweighting (right).

5.7 b-tagging

In ATLAS, various algorithms are used to tag b-jets. The most powerful are the spatial
algorithms built on tracks and subsequently vertices. In this section, the algorithms
relevant for this thesis will be described.

5.7.1 Tagging algorithm

Impact parameter-based algorithms

For the tagging, the impact parameters of tracks are computed at the point of closest
approach with respect to the primary vertex.

As an impact parameter-based tagging algorithm, the IP3D which utilizes a like-
lihood ratio technique, is used. Input variables are compared to predefined smoothed
and normalized distributions for both the b- and light-flavor-quark jet hypotheses ob-
tained from Monte Carlo simulation. The two-dimensional histograms of the signed
transverse impact parameter significance d0/σd0 and longitudinal impact parameter
significance z0/σz0 of tracks are used as inputs taking advantage of the correlations
between them.
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The transverse impact parameter d0 is the distance of closest approach of the track
to the primary vertex point in the rφ projection. The z coordinate of the track at this
point of closest approach is referred to as the longitudinal impact parameter z0. The
impact parameters are signed to discriminate the tracks coming from b-hadron decays
from tracks originating from the primary vertex. The sign is positive if the track
extrapolation crosses the jet direction in front of the primary vertex, and negative
otherwise. Therefore, tracks from b/c hadron decays tend to have a positive sign. The
errors on d0 and z0 are the values returned by the track fit. Figures 5.13 show the
distributions of d0/σd0 and z0/σz0 for b-tagging quality tracks in selected jets, for data
and simulation. In case of d0/σd0 , the distribution is moderately underestimated in the
simulation. This discrepancy seems to come from the mismodeling of high-momentum
tracks [90]. In case of z0/σz0 , the resolution in data is better than in simulation.
However, in both cases, the size of disagreements between data and the simulation are
within 10 % for the most of region and will be absorbed by the calibration procedures
described in later section.
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Figure 5.13: Distributions of the signed significance of the transverse impact parameter
d0/σd0 and the longitudinal impact parameter z0/σz0 with respect to the primary vertex
for tracks of b-tagging quality associated to jets for data (black filled circle) and for
simulation (filled histograms for the various colors) [90]. The ratio data/simulation is
shown at the bottom of the plots.

Secondary vertex-based algorithm

The tagging algorithm which exploits the topology of weak b- and c-hadron decays
inside a jet is called JetFitter [29, 91]. A Kalman filter is used to find a common line
on which the primary vertex and the b- and c-vertices lie, as well as their position
on this line, giving an approximate flight path for the b-hadron. The discrimination
between b-, c- and light-flavor-quark (including gluon) jets is based on a likelihood
using variables such as the following:
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• The decay length significance L3D/σL3D
measured in three-dimensions and signed

with respect to the jet direction.

• The invariant mass of all tracks associated to the vertex.

• The ratio of the sum of the energies of the tracks in the vertex to the sum of the
energies of all tracks in the jet.

• The number of two-track vertices.

• The flight length significances of the vertices.

Combinations of algorithms

The impact parameter tagging algorithm IP3D and the secondary vertex tagging algo-
rithm JetFitter are combined based on artificial neural network techniques with Monte
Carlo simulated training samples and additional variables describing the topology of
the decay chain. Figure 5.14 shows the output of combination of JetFitter and IP3D
for jets with pT > 20 GeV and |η| < 2.5. The shape in experimental data is closely
reproduced by the simulation, except in both ends of the distribution (> 4.0 and
< −4.0).
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Figure 5.14: The distribution of the output of the I3PD+JetFitter tagging algorithm
for experimental data (solid black points) and for simulated data (filled histograms
for the various flavors) [90]. Jets are from the inclusive leading jet sample with pT >
20 GeV and |η| < 2.5. The ratio data/simulation is shown at the bottom of the plot.
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Expected performance and operation point

For the study of jets with heavy-flavor hadrons, jet flavor is categorized into light-
flavor, c, b and τ in MC simulation. If a b-quark is found with ∆R < 0.3 of the jet
direction, the jet is labeled as a b-jet. If no b-quark is found and a c-quark is found
with ∆R < 0.3 of the jet, the jet is labeled as c-jet. If no b-quark nor c-quark is found
and a τ is found, the jet is labeled as τ -jet. Finally, if the jet is not labeled as any of
the above, it is labeled as a light-flavor jet.

Figure 5.15 shows the expectation for the light-flavor jet rejection as a function
of the b-jet tagging efficiency (εb) for the various ATLAS b-tagging algorithms. It is
obtained by varying continuously the operating point of each tagger (that is the cut on
its output discriminating variable) using simulated tt̄ events with the jet pT > 20 GeV
and |η| < 2.5. The tagging efficiency is the fraction of jets labeled as b-jets that are
properly tagged, while the rejection is the reciprocal of the fraction of jets that are
labeled as light jets that are mistakenly tagged as b-jets. The combination of IP3D and
JetFitter is shown as “IP3D+JetFitter” in the figure and shows the largest light-jet
rejection when comparing with other tagging algorithms at the same b-jet efficiency
for εb > 55 %.
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Figure 5.15: Light-jet rejection as a function of the b-jet tagging efficiency for the
tagging algorithm used in ATLAS, based on simulated tt̄ events [90].

In the analyses described in this thesis, the operating point with a b-tagging effi-
ciency of 60 % point for tt̄ events is chosen; this point has enough light-jet rejection
(∼ 400) with an adequate efficiency. Figure 5.16 shows the b-tagging efficiency (left)
and mistag rate (right) as a function of jet pT and |η| for simulated tt̄ events.
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Figure 5.16: b-tagging efficiency (left) and mistag rate (right) as a function of jet
pT and |η| for simulated tt̄ events at the operating point with an average b-tagging
efficiency of 60 %.

5.7.2 Calibration

The efficiency of the b-tagging algorithm for a jet originating from a b-quark needs to
be measured using b-jet enriched data. Similarly the probability of mistakenly tagging
a jet originating from a light-flavor (u-, d-, s-quark or gluon) jet as a b-jet, which is
referred to as the mistag rate, also needs to be measured.

The measured results are presented as scale factors on the ratio of the b-tagging
efficiency or mistag rate in data and Monte Carlo simulation:

κdata/MC
εb

=
εdata

b

εMC
b

, κdata/MC
εl

=
εdata

l

εMC
l

. (5.10)

where ε
MC(data)
b and ε

MC(data)
l are the fractions of b- and light-flavor jets which are tagged

in simulated events (or data), with the jet flavor defined by matching to the generator-
level parton. The b-tag efficiency and mistag rate depend on not only on jet pT and
η but also on other quantities such as the fraction of jets in the sample originating
from gluons. But the calibration results in the form of scale factors between data and
Monte Carlo simulation are likely to be valid. These scale factors are applied to the
analysis in the way described in Section 6.1.8.

Several methods are developed to measure the scale factors. Here the main methods
used in ATLAS will be explained, based on Reference [92].

b-tagging efficiency

The main method to calibrate the b-tagging efficiency is called the prel
T method. First,

to collect b-jet enriched samples, jets with a reconstructed muon within its cone (∆R <
0.4) are selected. Then prel

T is defined by the momentum of the muon transverse to the
axis defined by the combined muon plus jet. Muons originating from b-hadron decays
have a harder prel

T spectrum than muons in c- and light-flavor jets due to the b-quark
mass.
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Templates of prel
T are constructed for b- and c- and light-flavor jets separately. Then

by fitting the obtained prel
T spectrum to these templates, the fraction of each component

can be obtained. It is confirmed that the prel
T distributions agree within uncertainty

between before and after b-tagging using MC simulation.
By performing the fit before and after b-tagging, the tagging efficiency for b-jets is

calculated,

εb =
Nafter

b-jet

Nbefore
b-jet

. (5.11)

The tagging efficiency for c-jets also needs to be measured but due to the diffi-
culty to select c-jet samples, a dedicated measurement has not been performed. For
now the same scale factors measured for b-jet are used, but doubling the systematic
uncertainties.

Jet energy correction The energy of the reconstructed jet with an associated muon
is corrected for the energy of the muon and the neutrino that is undetected in the
calorimeters. The correction is implemented by parametrizing the corrected jet pT as
a function of measured jet pT and muon pT in MC simulation. Figure 5.17 shows the
ratio of corrected jet pT over the measured jet pT.
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Figure 5.17: The ratio of the corrected jet pT over the measured jet pT where the
correction takes into account the momenta of the muons and neutrinos within a cone
of the jet. Results are obtained from MC simulation (left).

prel
T template The templates for b- and c-jets are derived from the simulated QCD

di-jet sample mentioned in Section 4.2.1 (QCD di-jet). The prel
T template for light-quark

jets is derived from muons in jets in a light-flavor dominated data sample. The sample
is constructed by requiring that no jet in the event is b-tagged by the IP3D+JetFitter
tagging algorithm using an operating point that yields a b-tag efficiency of approxi-
mately 80 % in simulated tt̄ events. Even after this selection, heavy-flavor components
are included in the light-flavor template. This contamination is subtracted according
to the MC simulation.
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The templates are prepared for the corrected jet pT ranges of 20 GeV < pT <
30 GeV, 30 GeV < pT < 60 GeV, 60 GeV < pT < 90 GeV and 90 GeV < pT <
140 GeV. Figure 5.18 shows the prel

T templates in each jet pT range. The c- and light-
flavor templates have peaks at smaller prel

T while the b-templates has broader shape
and a peak at larger prel

T . However, in the higher jet pT range, the difference between
the templates becomes small. Therefore the template fits are regarded as unreliable
for jet pT higher than around 140 GeV. For the higher jet pT range than 140 GeV,
the scale factor is taken from the highest calibrated jet pT range (90-140 GeV), and
assigning twice the uncertainty.

The prel
T value is affected by how well the b-hadron direction and calorimeter jet

axis are modeled in the simulation. To study this, the difference between the track-jet
and calorimeter-jet axis, ∆R(calo,track), was derived in both data and simulation.
∆R(calo,track) is slightly larger in data than in simulation, and smearing based on a
Gaussian distribution with a width of 0.01 was found to give good agreement between
data and simulation in all ranges of jet pT. The prel

T templates for b- and c-jets were
derived from this smeared sample.

Template fit To enhance the b-jet fraction in data, the template fit is performed to
events that have at least one jet is b-tagged by IP3D+JetFitter at the operating point
with 60 % b-tag efficiency in simulated tt̄ events. In order not to bias the calibration,
this b-tagged jet is required not to have muons.

The obtained prel
T distributions are fitted by the templates using a binned maximum

likelihood technique in which each bin is treated as an independent Poisson variable
in the range pT < 2.5 GeV. Figure 5.19 shows the result of the prel

T template fit.

Systematic uncertainties The following sources of systematic uncertainties are the
dominant for the prel

T considered in Reference [92].

• Statistics of data sample

• prel
T template statics

The prel
T templates are varied according to a Gaussian distribution within its

statistical uncertainty and pseudo-experiments were carried out 1000 times. The
RMS of the variations is taken as the systematic uncertainty.

• b-hadron direction

For a conservative estimate, the correction for the ∆R(calo,track) distribution
was varied by 100 % relatively and the resulting variation of the b-tagging effi-
ciency from this is taken as the systematic uncertainty.

• Modeling of heavy-flavor quark production

In the case of the heavy-flavor quark production from gluon splitting, the angle
between two quarks can be so small that both of them end up within the same
reconstructed jet. Such heavy-flavor jets have a larger probability of being b-
tagged than those containing just one heavy-flavor quark.
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Figure 5.18: The prel
T templates for light-flavor, c-, b-jets in different jet pT (corrected)

ranges.
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Figure 5.19: The results of the prel
T template fit before (left) and after (right) the

b-tagging.
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The systematic uncertainty associated with this heavy-flavor quark production
is estimated by varying the ratio of double-heavy-flavor-quark jets to single-
heavy-flavor-quark jets in simulation. This ratio is set to zero or twice from the
default value and the effect on the b-tagging efficiency was taken as a systematic
uncertainty.

• Jet energy scale

The prel
T templates obtained from MC simulations are varied within the systematic

uncertainty for the JES described in Section 5.2.4.

• Scale factor for inclusive b-jets

Since the prel
T method is applied to b-jets with a semi-leptonic b-hadron decay,

the bias to b-jets with a hadronic b-hadron decay is considered. For this, the
distribution of the number of tracks, significantly displaced from the primary
vertex, was obtained for jets with muons and for all jets in both data and MC
simulation. The b-tagging efficiency in semi-leptonic and inclusive jets in simu-
lation was also binned in this variable. The ratio of the weighted averages of the
b-tagging efficiency for semi-leptonic and inclusive jets are given as follows:

SFµ→incl
data =

∑
iN

incl,data
i · εincl,sim

i /
∑

iN
incl,data
i∑

iN
µ,data
i · εµ,sim

i /
∑

iN
µ,data
i

(5.12)

SFµ→incl
sim =

∑
iN

incl,sim
i · εincl,sim

i /
∑

iN
incl,sim
i∑

iN
µ,sim
i · εµ,sim

i /
∑

iN
µ,sim
i

(5.13)

where Nµ,data
i , Nµ,sim

i , N incl,data
i and N incl,sim

i are the number of semi-leptonic (µ in
the superscripts) or inclusive (incl in the superscripts) jets with a given number of
displaced tracks in data and simulation, and εµ,sim

i and εincl,sim
i are the b-tagging

efficiencies in simulation for semi-leptonic and inclusive jets with a given number
of displaced tracks. The deviation of the double-ratio SFµ→incl

data /SFµ→incl
sim from one

was taken as a systematic uncertainty.

Summary Figure 5.20 shows the result of the b-tagging efficiency calibration as a
function of jet pT. Since no significant dependence on the jet η is seen, the b-tagging
efficiency scale factors are only parametrized by jet pT.

Mistag rate

The main approach used in the mistag rate measurement is called the negative tag.
Light-flavor jets are mistakenly tagged as b-jets mainly because the finite resolution of
the inner detector and the presence of tracks stemming from displaced vertices from
long-lived particles or material interactions. In the case of of detector resolution, the
impact parameter and the secondary vertex position used in the lifetime taggers are
expected to be symmetric with respect to zero. Therefore by inverting these parame-
ters, light-flavor mistag rate can be determined. However, two corrections have to be
applied.
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Figure 5.20: The scale factors of b-tagging efficiency between data and MC simulation
as a function of jet pT with systematic uncertainties.

One is the contribution of heavy-flavor jets. The negative tag rate for b- and c-jets
differs from the negative tag rate for light-flavor jets because they have the measurable
lifetimes of b- and c-hadron decays. The correction factor khf = εneg

l /εneg
inc is defined to

account for this effect where εneg
l is the negative tag efficiency for light-jets and εneg

inc is
the negative tag efficiency for inclusive jets.

The other is the contribution of light-flavor long-lived particles (K0
s , Λ0 and so on)

and material interaction (hadronic interactions and photon conversions). These will
show up mainly at positive decay length or impact parameter significances and thus
cause an asymmetry for the positive versus negative tag rate for light-flavor jets. The
correction factor kll = εl/ε

neg
l is defined to account for this effect where εl is the positive

tag efficiency for light-flavor jets and εneg
l is the negative tag efficiency for light-flavor

jets.
These correction factors are derived from simulation. The mistag rate is computed

from the inclusive negative tag rate:

εl = εneg
inc khfkll. (5.14)

The dominant uncertainties to the negative tag calibration are the following.

• Statistical uncertainty on khf and kll.

• Uncertainties on heavy-flavor tagging efficiencies:

The tagging efficiencies for b- and c-jets affect the calibration through the cor-
rection factor khf . The b- and c-tag efficiencies as obtained from simulation have
been varied by the systematic uncertainties obtained in the prel

T method.

• Uncertainty on track impact parameter:
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As seen in Figures 5.13, track impact parameters in the simulation are slightly
better than those in data. Therefore, track impact parameters in the simulation
have been smeared in order to bring data and simulation into better agreement.
After having applied this smearing, the effect on kll and khf has been propagated
though the full negative tag analysis.

Figure 5.21 shows the result of the mistag rate calibration as a function of jet pT and
η. Error bars shown are the sum in quadrature of all uncertainties.
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Figure 5.21: The scale factors of mistag rate between data and MC simulation as a
function of pT and |η| of jet.
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Chapter 6

Event Selection and Background
Estimation

In this chapter, event selection and the background estimation for the searches of SUSY
signals are described.

6.1 Common Event Selection

In this section, the event selection commonly used in all searches as far as this thesis
is concerned are described.

6.1.1 Primary vertex selection

Among the primary vertex candidates reconstructed by the ATLAS inner detector, the
vertex with the largest value of a scalar sum of the track particle pT is examined; if
this vertex has more than four tracks, the event is kept.

6.1.2 Overlap removal and isolation

Since the objects explained in Chapter 5 are reconstructed independently of each other,
their overlap needs to be removed to avoid double counting. Moreover, objects expected
to be derived from other objects are removed. Overlap removal is performed in the
following way.

1. First, remove a jet which overlaps with an electron. If a jet is reconstructed
within ∆R < 0.2 of an electron, they are considered to be seeded by the same
object and in this case, the object is regarded as an electron.

2. After the above overlap removal, search for an electron with ∆R < 0.4 around
a jet and the found electrons are removed. Since jets are reconstructed with the
distance parameter of ∆R = 0.4, that electron is accounted in the original jet.

3. Similarly, a muon with ∆R < 0.4 with respect to a jet is removed. Unlike the
electron case, even if a muon is close to a jet, the muon deposits only a small
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amount of energy in the calorimeter. The removed muon is not counted as an
isolated muon candidate but its momentum is included in the missing momentum
calculation.

6.1.3 Event Cleaning

Fake jets can arise from non-collision background (which is mainly beam halo mimick-
ing collision events) or cosmic-ray events with a catastrophic muon energy loss in the
calorimeters or from fake signals in the calorimeter, arising either from noise bursts in
the HEC or the presence of coherent noise in the LAr EM calorimeter. A set of cuts has
been designed to have a high rejection against fake jets while keeping an inefficiency
of about 0.1 % for real jets [93]. The selection criteria are based on the timing of the
calorimeter signal with respect to that of the bunch crossing, on the quality factor of
the pulse shape of the calorimeter signal, on the fraction of jet energy deposited in spe-
cific calorimeter layers and on the amount of jet charged energy fraction (as measured
in the ID). Events are rejected if any jet with pT > 20 GeV after the overlap removal
between objects described above satisfies the bad jet definition.

A further selection is applied to the jets in the all hadronic channels in order to
reject spurious jet signals. If any of the selected jets is central (|η| < 2.0) and the ratio
of the jet charge track particle pT to the jet calorimeter pT is smaller than 5 %, the
event is rejected.

6.1.4 Cosmic ray muon veto

To reject cosmic-ray muons, events with muons which have large impact parameters
with respect to the primary vertex are not used for the analysis. The impact parameters
are measured in the transverse to the beam (d0) and the beam direction (z0). If a muon
has |d0| > 0.2 mm or |z0| > 1.0 mm, that event is rejected.

6.1.5 Trigger

The ATLAS trigger and data-acquisition systems are based on three levels of online
event selection. Each trigger level refines the decisions made at the previous level as
explained in Section 3.2.6.

The ATLAS data taking periods are grouped per different trigger menus based on
the evolution of the peak luminosity. Table 6.1 shows the data sample used in this
thesis and corresponding lowest threshold triggers.

Jet plus Emiss
T trigger

In the all hadronic channels, a combination of a single-jet trigger and a Emiss
T trigger,

EF j75 a4(tc) EFFS xe45 loose noMu is used. The meaning of this trigger is that at
the Event Filter, the trigger scans for all jets (not for RoI) reconstructed from topo-
logical clusters in the calorimeter using an anti-kt algorithm with a distant parameter
∆R = 0.4. At least one such jet with a transverse momentum greater than 75 GeV is
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Table 6.1: Data periods and triggers

Period Integrated luminosity [pb−1]

B 11.4
D 154
E 42.6
F 123
G 464
H 240
I 305
J 212
K 500

Total 2052

Period Trigger name

Jet plus Emiss
T

B EF j75 a4 EFFS xe45 loose noMu

D-K EF j75 a4tc EFFS xe45 loose noMu

Single electron

B,D-J EF e20 medium

K EF e22 medium

Single muon (plus jet)

B,D-I EF mu18 || EF mu40 MSonly barrel

J,K EF mu18 L1J10 || EF mu40 MSonly barrel medium
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required; in addition, Emiss
T > 45 GeV is required without considering the contribution

of muons to Emiss
T calculation. To avoid the systematic uncertainty from the trigger

efficiency in the turn-on region, tight jet pT and Emiss
T are required in offline analysis.

Figure 6.1 (left) shows the trigger efficiency as a function of Emiss
T using data samples

collected by the single-jet trigger EF j75 a4(tc) EFFS; this trigger runs exactly the
same algorithm as the jet part of EF j75 a4(tc) EFFS xe45 loose noMu and therefore
any bias on Emiss

T from the jet trigger part is included in this measurement. The trigger
efficiency for the MC simulated tt̄ samples, which is the dominant SM background in
all analyses described in this thesis, is also shown as a reference. The turn-on efficiency
curves look different between data and tt̄ MC simulation because in data fake Emiss

T

events coming from the QCD multi-jet process are included. For the Emiss
T calculation

of the trigger, a muon contribution is not considered. Muons from QCD multi-jet
process are removed due to overlap with jets and not considered in the offline Emiss

T

calculation. On the other hand, isolated muons coming from such as a decay of W
boson, are considered in the offline Emiss

T calculation.
Nevertheless, the trigger is fully efficient for events with Emiss

T > 130 GeV for both
data and MC simulation.

Figure 6.1 (right) shows the trigger efficiency as a function of the leading jet pT

using data samples collected by the single-muon trigger EF mu18 so as to not bias the
samples. Moreover, Emiss

T > 130 GeV is required to study only jet pT dependence. In
events containing a leading jet pT > 130 GeV, the trigger is fully efficient.

Table 6.2 shows the trigger efficiency measured with the single-jet trigger and with
the single-muon trigger for both data and tt̄ MC simulation after requiring Emiss

T > 130
GeV and the leading jet pT > 130 GeV. The two measurements agree within the
statistical uncertainty.
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Figure 6.1: Trigger efficiency of EF j75 a4tc EFFS xe45 loose noMu as a function of
the offline Emiss

T (left) and the leading jet pT (right) comparing data (black filled circles)
and tt̄ Monte Carlo simulation (red filled circles).

Electron trigger

In the channel which requires electrons, a single-electron trigger EF e20 medium is used;
this trigger requires an electron pT > 20 GeV which passes medium criteria defined in
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Table 6.2: The trigger efficiency of EF j75 a4tc EFFS xe45 loose noMu after requiring
Emiss

T > 130 GeV and the leading jet pT > 130 GeV, shown for data and tt̄ MC
simulation. Only statistical uncertainties are shown.

data tt̄ MC

after EF j75 a4(tc) EFFS 99.0+1.0
−8.0 % 99.8+0.2

−0.5 %
after EF mu18 99.5+0.5

−1.0 % 98.6±0.8 %

Reference [79]. To measure the trigger efficiency, data collected by single-muon trigger
EF mu18 is used. Figure 6.2 (left) shows the efficiency of EF e20 medium as a function
of the electron pT for tight electrons. The efficiency reaches close to its plateau value
for pT > 25 GeV. Small differences between data and MC samples are corrected using
correction factors obtained from an in-situ measurement using the process Z → e+e−

in the way described in Reference [83]. Figure 6.2 (right) shows the trigger efficiency
as a function of electron η after pelectron

T > 25 GeV is required. Except for the transition
region between the barrel and end-cap calorimeters (1.37 < η < 1.52) and the ends of
the ID volume (η = 2.5), the trigger efficiency exceeds 90 %.

In the later run (period K), the lowest unprescaled single-electron trigger was
EF e22 medium which triggers on a medium electron with pT > 22 GeV; after the
requirement of electron pT > 25 GeV, the integrated efficiency of the trigger is the
same as EF e20 medium.
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Figure 6.2: Trigger efficiency of EF e20 medium as a function of electron pT (left) and η
(right) for offline tight electron comparing data (black filled circle) and tt̄ Monte Carlo
simulation (red filled circle). In the right figure, electron pT > 25 GeV is required.
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Muon Trigger

The single-muon trigger EF mu18 is used mainly to trigger on events containing a
combined muon (see Section 5.4) with pT > 18 GeV 4. To measure the efficiency of
this trigger, data samples collected by the single-electron trigger EF e20 medium is
used. Figure 6.3 (left) shows the trigger efficiency of EF mu18 as a function of muon pT

for tight offline muons. In events with pT > 20 GeV, the trigger is fully efficient. Worse
trigger efficiency in the barrel (|η| < 1.0) than in the end-cap is due to the geometrical
losses. In the region of −2.3 ≤ φ ≤ 1.7 and −1.4 ≤ φ ≤ 0.9, the magnet support
structures causes the inefficiency of muon triggers. In the barrel, the region of η ∼ 0
is not covered by RPCs and smaller inefficiency occurs due to magnetic ribs.

Small differences between data and MC simulations are corrected with correction
factors obtained from in-situ measurements of the process Z → µ+µ−.
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Figure 6.3: Trigger efficiency of EF mu18 as a function of muon pT for tight muons (left)
comparing data (black filled circle) and tt̄ MC simulation. Samples were collected by
the single-electron trigger EF e20 medium. The right figure shows the dependence of
the trigger efficiency on muon η for tight muons after pmuon

T > 20 GeV has been required.

Due to the increase of the luminosity, this trigger is prescaled from period J onwards.
For these periods, therefore, the EF mu18 L1J10 is used instead; this trigger requires
one additional jet to be present in the event. The muon pT threshold is the same as
EF mu18. Figure 6.4 shows the trigger efficiency of EF mu18 L1J10 as a function of the
leading jet pT after requiring a muon with pT > 20 GeV. The trigger is fully efficient
for events with jet pT > 60 GeV.

6.1.6 Jet selection

After the application of the pile-up reweighting, described in Section 5.6, Monte Carlo
simulation provides a good description of the pile-up condition. Figure 6.5 shows the

4Because of the bug in the trigger algorithm for MC simulation, trigger inefficiency occurred to the
trigger EF mu18 for muons in the central (|η| < 1.0) and higher pT range (& 40 GeV). To compensate
it, the other single-muon trigger EF mu40 MSonly barrel is also used. It triggers a muon pT > 40 GeV
in the barrel region (|η| < 1.05) using the muon spectrometers only.
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Figure 6.4: Trigger efficiency of EF mu18 L1J10 as a function of the leading jet pT.
Data samples were collected by EF mu18.

number of reconstructed vertices which have at least five tracks after requiring one
electron in the event. The data and MC simulation agree well.
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Figure 6.5: The number of reconstructed vertices which have at least five track parti-
cles, shown after requiring one electron in the event.

Since jets can arise from pile-up from inelastic proton-proton collisions during the
hard collision, the jet multiplicity tends to be larger under conditions of higher pile-
up. To reduce the bias due to the different pile-up conditions or mismodeling of soft
collisions in simulation, jet pT threshold of 50 GeV is applied for all jets required in this
analysis. Figure 6.6 shows the jet multiplicity distributions for the jet pT threshold of 30
GeV and 50 GeV, shown for the different conditions on the number of the reconstructed
vertices. If the jet pT threshold is 30 GeV, the distribution of the number of jets is
highly affected by the number of reconstructed vertices. If four jets with pT > 30 GeV
are required, a 70 % variation can be seen in the number of events as a function of the
number of the reconstructed vertices. However, if the jet pT threshold is 50 GeV, the

86



jet multiplicity distributions are within 20 % of each other (except for outliers due to
small statisics).
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Figure 6.6: The jet multiplicity distributions shown for varying numbers of recon-
structed vertices. The left figure is the number of jet with pT > 30 GeV and the right
is the number of jets with pT > 50 GeV.

6.1.7 LAr EM calorimeter trouble

On 30 April 2011, a problem arose in the Liquid Argon EM calorimeter. The readout
failed on six front-end boards, covering a rectangular region in η-φ space, 0.0 < η < 1.45
and −0.788 < φ < −0.592 in the second and the third layers of the calorimeter. Dur-
ing the technical stop in summer of 2011, the dead controllers for the second layer
(comprising four of the six problematic boards) were replaced and the calorimeter per-
formance was almost recovered. However, the data taken before the fix, corresponding
to an integrated luminosity of 877 pb−1, was affected by this problem.

The electron reconstruction is affected most by this problem. Figure 6.7 shows the
number of reconstructed electrons with pT > 20 GeV in η-φ space. A clear drop in the
reconstruction efficiency can be seen in the dead detector region. This dead calorimeter
region is not reproduced in the MC simulations; in order to treat both data and MC
samples consistently, if an electron falls in this dead detector region, the electron is
removed from analysis in all data and MC samples.

The effect of LAr EM calorimeter trouble on the jet reconstruction is smaller
than to the electron reconstruction but there is still a mismeasurement of the jet
energy which in turn causes fake missing energy. Figure 6.8 (left) shows a com-
parison of the Emiss

T distribution of the events triggered by jet plus Emiss
T trigger,

EF j75 a4(tc) EFFS xe45 loose noMu before and after the trouble. The number of
events is normalized by the corresponding integrated luminosity. This figure indicates
the increase in the rate of events triggered by jet plus Emiss

T trigger. Similarly, Figure
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Figure 6.7: η-φ distributions of the reconstructed electrons which pass baseline selection
before (left) and after (right) the LAr EM calorimeter trouble.

6.8 (right) shows the φ of the Emiss
T with Emiss

T > 130 GeV. The increase in the rate of
triggered events can be seen in the dead detector region (−1.0 . φmiss . −0.5).
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Figure 6.8: The distributions of Emiss
T and φmiss for events triggered by jet plus Emiss

T

trigger before (blue filled circles) and after (red filled circles) the LAr calorimeter
problem.

To reduce this effect, events containing a jet with pT > 50 GeV in the region of
−0.1 < η < 1.5 and −0.9 < φ < −0.5 are rejected. Considering the jet size (distance
parameter of ∆R = 0.4), the region removed is broader than the actual dead region.
In MC simulations, events are rejected simply if there are jets with pT > 50 GeV in
the dead region. In real data, due to lack of measurements in this dead calorimeter
region, the measured jet energy is not correct. To compensate for this, the following
variables are used.

• Bcorr
jet : Fractional energy correction to account for bad cells, derived from jet

profiles.

88



Assuming the jet profile, which gives the energy deposit distribution around the
center of the jet, the energy expected to be in the dead calorimeter region is
calculated. The profile is obtained from the MC simulation and parametrized as
a function of jet pT, jet η, calorimeter types and layers. This variable is not used
in the default jet reconstruction.

• Bcorr
cell : Fractional energy which is assigned to the bad calorimeter cells estimated

from neighboring cells.

Using two-dimensional information of neighboring cells, the average energy den-
sity is calculated. The missing energy in the bad cell is estimated by extrapolating
the energy density. In the default jet reconstruction, this estimation is applied
using the hadronic tile calorimeters only.

Figures 6.9 (right) show the map of the tile calorimeter cells in bad status. As
a reference, the map of LAr calorimeter cells in bad status is also shown in
the left. The top and bottom figures are for the runs before and after the LAr
EM calorimeter trouble respectively. The red squares are masked cells, whose
information is totally missing and the black squares are cells in other bad status
(noisy and so on), whose information is partially used. Generally the bad tile
calorimeter cells are smaller than the dead region of LAr EM calorimeter.

Figure 6.9: The maps of the LAr calorimeter cells (left) and the tile calorimeter cells
(right) in bad status. The red squares are masked cells and the black squares are cells
in any other bad status (noisy and so on). The top figures are for the run before the
LAr EM calorimeter trouble and the bottom figures are for the run after the trouble.
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Bcorr
jet is not used in the default jet reconstruction but is useful for correcting the

missing energy due to the dead LAr EM calorimeter. Since the correction by Bcorr
cell

is applied in the default jet reconstruction, the energy in dead tile calorimeter cells
has usually already been included by default in the η-φ region corresponding to the
dead region of the LAr EM detector; Bcorr

cell therefore needs to be subtracted in order to
avoid double counting of the missing energy. The corrected jet pT in the dead region
is calculated by

pcorr
T = pT

1−Bcorr
cell

1−Bcorr
jet

. (6.1)

For data, events are rejected if there are jets with pcorr
T > 50 GeV in the dead LAr EM

calorimeter region.
Figures 6.10 show the distributions of Emiss

T and φmiss for events triggered by the jet
plus Emiss

T trigger after the event veto by jets in the dead region. Used data samples
are the same as those used in Figure 6.8. In the region Emiss

T > 130 GeV, the Emiss
T

distributions before and after the trouble agree within the statistical uncertainty.
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Figure 6.10: The distributions of Emiss
T and φmiss for events triggered by jet plus Emiss

T

trigger before (blue filled circles) and after (red filled circles) the LAr calorimeter
problem, shown after application of the veto in the problematic LAr calorimeter region.

6.1.8 b-tagging scale factor

To apply the b-tagging scale factor obtained in the section 5.7 to Monte Carlo simulated
samples, each MC event is reweighted in the following way as described in Reference
[94].

If a jet is b-tagged, a weight is assigned to that jet by the scale factor of the b-tagging
efficiency itself.

wjet = κdata/MC
ε =

εdata

εMC
. (6.2)

90



If a jet is not b-tagged, the weight is given by

wjet =
1− εdata

1− εMC
=

1− κ
data/MC
ε εMC

1− εMC
. (6.3)

The weight for an event is obtained by the product of the weights of all the jets in that
event.

wevent =
∏
jet

wjet (6.4)
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6.2 No-lepton multi-jet channel

As described in Chapter 2, events with multi-jets including b-jets and with Emiss
T are

expected for stops or sbottoms from gluino decays. In this section, events without
leptons are studied.

6.2.1 Benchmark signals

As a benchmark, the mSUGRA model with tan β = 40, A0 = −500 GeV and µ > 0
is considered here. Because of the selection of relatively large tan β and |A0|, the stop
and the sbottom are lighter than the other squarks in this model. Figures 6.11 show
the gluino masses (top left), the average of light-flavor squark masses (top right), the
lightest stop masses (bottom left) and the lightest sbottom masses (bottom right) as
a function of m0 and m1/2.
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Figure 6.11: The gluino masses (top left), the average of light-flavor squark masses
(top right), the lightest stop t̃1 masses (bottom left) and the lightest sbottom b̃1 masses
(bottom right) in the mSUGRA model with tan β = 40, A0 = −500 GeV and µ > 0
as a function of m0 and m1/2.

In large m0 region, the gluino is lighter than the squarks and the gluino pair pro-
duction is the dominant colored SUSY particle production process. With the increase
of m1/2, the squark masses get closer to the gluino mass and the contribution of the
gluino and the light-flavor squark associate production gets larger. Table 6.3 shows
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the cross-sections of each production process for some representative points. Figure
6.12 shows total cross-sections of colored SUSY particle productions in this model.
Cross-sections of signals are calculated to NLO accuracy using PROSPINO [17, 18].

Table 6.3: The masses of colored SUSY particles and cross-sections of the various
production processes of colored SUSY particles in the mSUGRA model with tan β =
40, A0 = −500 GeV and µ > 0. For squark productions (denoted by q̃), sbottoms and
stops are not included. In the cases of sbottom pair and stop pair production, both
mass eigenstates (b̃1,b̃2) and (t̃1,t̃2) are included, respectively.

low mass large m1/2 large m0

(m0[GeV],m1/2[GeV]) (520, 220) (560, 400) (1240, 220)

mg̃ [GeV] 587 960 607
mq̃ [GeV] 708 1010 1314
mb̃1

[GeV] 546 835 981
mt̃1 [GeV] 418 680 782

g̃g̃ 0.718 pb 7.92 fb 500 fb
g̃q̃ 1.48 pb 43.3 fb 87 fb
q̃q̃ 0.569 pb 40.2 fb 3 fb

b̃b̃ 0.025 pb 0.85 fb 0.2 fb
t̃t̃ 0.153 pb 4.70 fb 1.4 fb

Although the stop and the sbottom are lighter than the other squarks as seen in
Figure 6.11, cross-sections of their direct pair productions are much smaller than those
of the other colored particle productions. Therefore the main production process of
the heavy-flavor squarks is the decay of gluinos. Table 6.4 shows the branching ratios
for the gluino decay in the representative points. Even if the mass difference between
the gluino and the stop or the sbottom is small (or the gluino is lighter than the stop
or the sbottom) and the gluino cannot decay to them directly (it occurs in large m0

region), decays of the gluino to top quark pair or bottom quark pair via three-body
decay are enhanced as explained in Section 2.1. Consequently, events with b-jets in
the final state can be expected in most of the (m0, m1/2) parameter space.

6.2.2 Optimization of event selection

To search for SUSY signals without leptons in the final state, events which do not have
isolated leptons (electron or muons) are selected. Hadronically-decaying taus are not
positively identified. This cut reduces electroweak SM processes such as W → lν.

To select energetic SUSY signal events, large leading jet pT and high Emiss
T are

required. This condition is also required to trigger events. As explained in Section
6.1.5, to make the jet plus Emiss

T trigger fully efficient, leading jet pT > 130 GeV and
Emiss

T > 130 GeV are required.
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Figure 6.12: Total cross-sections calculated to NLO accuracy of colored SUSY particle
productions in the mSUGRA model with tan β = 40, A0 = −500 GeV and µ > 0
model as a function of m0 and m1/2.

Table 6.4: The branching ratios for the gluino decay in the mSUGRA model with
tan β = 40, A0 = −500 GeV and µ > 0. In the table, q and q̃ stand for light-flavor
quarks and squarks, respectively. Charge conjugations are not explicitly written.

low mass large m1/2 large m10

(m0 [GeV],m1/2 [GeV]) (520, 220) (560, 400) (1240, 220)

g̃ → b̃1 + b̄ 0.793 0.340 0

g̃ → b̃2 + b̄ 0 0.066 0
g̃ → t̃1 + t̄ 0 0.572 0

g̃ → χ̃0
1 + q + q̄ 0.025 0.003 0.076

g̃ → χ̃0
1 + b+ b̄ 0 0 0.033

g̃ → χ̃0
1 + t+ t̄ 0 0 0.040

g̃ → χ̃0
2 + q + q̄ 0.044 0.005 0.141

g̃ → χ̃0
2 + b+ b̄ 0.019 0 0.155

g̃ → χ̃0
3 + b+ b̄ 0 0 0.020

g̃ → χ̃0
4 + b+ b̄ 0 0 0.016

g̃ → χ̃+
1 + q + q̄′ 0.088 0.010 0.282

g̃ → χ̃+
1 + b+ t̄ 0.021 0.003 0.175

g̃ → χ̃+
2 + b+ t̄ 0 0 0.008

others 0.011 0.002 0.054
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SUSY signals considered here have the hard multi-jet final state. Figures 6.13 show
the distributions of the number of jets for pjet

T > 50 GeV (left) and pjet
T > 80 GeV

(right) shown for SM backgrounds estimated by MC simulations and SUSY reference
points of (m0, m1/2) = (1240 GeV, 220 GeV), (560 GeV, 400 GeV) in the mSUGRA
model. Comparing the distributions for a fixed number of jets, the enhancement of
SUSY signals is higher for jet pT > 80 GeV than for jet pT > 50 GeV. At the same
time, with the increase in the number of jets, the systematic uncertainty from the jet
reconstruction becomes larger. Therefore a smaller number of jets above the high pT

threshold is required. To keep high acceptance for the signal and high rejection for the
SM backgrounds, four jets with pT > 80 GeV are required.
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Figure 6.13: The distributions of the number of jets for pT > 50 GeV (left) and
pT > 80 GeV after requiring the leading jet pT > 130 GeV and Emiss

T > 130 GeV in the
no-lepton channel. The sum of the SM prediction is shown by the red lines with the
orange error bands showing the statistical uncertainty of the MC simulations. The MC
simulated SUSY signals are shown by the black sold (m0 = 1240 GeV,m1/2 = 220 GeV)
and broken (m0 = 560 GeV, m1/2 = 400 GeV) lines.

Since leptons are not required in this selection, the QCD multi-jet is the dominant
background process. This background is reduced by a cut on the min ∆φ1,2,3 defined
by the minimum of ∆φ between three leading jets and the Emiss

T vector,

min∆φ1,2,3 =
3

min
i=1

|φjet
i − φmiss|. (6.5)

Since the missing energy in the QCD multi-jet events arise from the mismeasurement
of a jet or the leptonic decay of heavy-flavor hadrons in a jet, the missing energy
direction tends to point in the same direction as one of the hard jets. Figure 6.14 (left)
shows this distribution with the reference SUSY signals. If the events have true missing
energy sources like SUSY signals and W → lν process, this distribution becomes flat.
On the other hand, QCD multi-jet events tend to have small min∆φ1,2,3. By selecting
the events with min∆φ1,2,3 > 0.4 rad, the QCD background is effectively reduced.

Most of the QCD multi-jet events are removed by the above cut, but fourth leading
jet can be still the source of the missing energy although the probability is low compared
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to the leading three jets. Therefore a looser cut, ∆φ4 ≡ |φjet
4 − φmiss| > 0.2 rad is used

for the fourth leading jet.
QCD multi-jet events, where the missing energy is derived from several jets or

where the missing energy points in the direction opposite to the mismeasured jet, are
not removed by the above cut. Even in this case, the missing energy in QCD multi-jet
events is not significantly large compared to the sum of all calorimeter activity. To
reduce QCD events using this mechanism, the effective mass defined by the following
equation is used.

meff = Emiss
T +

4∑
i=1

(
pjet

T

)
i

(6.6)

Taking the ratio Emiss
T /meff , QCD multi-jet events have smaller values compared to

the other SM backgrounds and SUSY signals as shown in Figure 6.14 (right).
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Figure 6.14: The distributions of min∆φ1,2,3 (left) and Emiss
T /meff after requiring the

leading jet pT > 130 GeV, four jets with pT > 80 GeV and Emiss
T > 130 GeV selection

in the no-lepton channel.

As explained earlier, since the branching ratios for the gluino decay to the stop or
the sbottom are higher in the model under consideration here, the final states contains
b-jets. Figure 6.15 (left) shows the distribution of the multiplicity of b-tagged jets
after the four-jet cut. By requiring at least one b-tagged jet, most W/Z+jets events
are removed.

Finally to enhance the hard SUSY signals, the effective mass meff defined above is
used. The effective mass is expected to reflect the total masses of initially produced
particles. Therefore high-mass SUSY signals have larger meff . Since the optimum meff

cut depends on the masses of SUSY particles, the optimum cut is chosen for each signal
point. Figure 6.15 shows the meff distribution after all other cuts.

These event selection criteria are summarized as follows.

• lepton veto (for electrons pT > 20 GeV and for muons pT > 10 GeV)

• leading jet pT > 130 GeV

• Emiss
T > 130 GeV
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Figure 6.15: The multiplicity of b-tagged jet distribution after requiring four jets with
pT > 80 GeV (left). The effective mass meff after all other selection cuts (right).

• 4th leading jet pT > 80 GeV

• min∆φ1,2,3 > 0.4 rad

• ∆φ(4th jet− Emiss
T ) > 0.2 rad

• Emiss
T /meff > 0.2

• at least one b-tagged jet with pT > 50 GeV

• optimum meff cut as follows.

To determine the best meff cut, the cut which gives the largest signal significance
is selected for each signal point. The significance is defined as follows [95],

S =
√

2 [(s+ b) ln(1 + s/b)− s] (6.7)

Here s and b are the number of events of SUSY signal and SM backgrounds after the
event selection. Figure 6.16 shows the best meff cut for each signal point. Since the
best signal region depends on the practical background estimation and the systematic
uncertainties, it will be determined after those numbers are fixed. To cover all the
signal points, three meff signal regions, m > 500 GeV, m > 750 GeV, meff > 1000 GeV
are defined.

6.2.3 SM background estimation

Top estimation

The most dominant SM background in this channel is the tt̄ process. The main decay
mode is that one of the top quarks decays to a tau lepton and the tau decays hadron-
ically, and the other top quark decays hadronically. The neutrinos lead the missing
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Figure 6.16: The bestmeff cut for each mSUGRA signal point in the no-lepton multi-jet
channel.

energy and the jet multiplicity tends to be large. Also if one top quark decays lepton-
ically but this lepton (electron or muon) is missed or misidentified as a jet, the event
enters the no-lepton sample.

If the tt̄ is estimated from Monte Carlo simulation only, systematic uncertainties
tend to be large due to the stiff cuts on the event kinematics. Table 6.6 (top) is the
summary of the dominant systematic uncertainties to the tt̄ Monte Carlo simulation.

Since single-top productions (after the selection, the main contribution is from the
t+W process) are similar processes to the tt̄ production, the systematic uncertainties
obtained for the tt̄ process are also applied. The expected numbers of events shown in
Table 6.6 are the sum of the tt̄ and single-top processes.

The systematic uncertainties considered here are as follows.

Jet energy scale uncertainty For the jet energy scale (JES) uncertainty, the num-
bers described in Section 5.2.4 are used. The variation of jet energy scale is also
propagated to the Emiss

T calculation. The effect of JES variation on the meff distribu-
tion and acceptance is shown in Figure 6.17 (left); the meff distributions is shown after
all other cuts have been applied. The JES uncertainty changes the acceptance since it
in effect changes the thresholds of jet pT and Emiss

T . At higher meff range, the relative
shifts by the JES uncertainty is larger than the lower meff range.

b-tagging uncertainty The systematic uncertainty from b-tagging is investigated
by shifting the scale factors between data and simulations for b-tagging efficiency and
mistag rate by 1σ of their uncertainties. The effect of b-tagging variation to the meff

distribution and acceptance is shown in Figure 6.17 (right). The b-tagging uncertainty
affects mainly the cut on the number of b-tagged jet; the distribution of other variables
are not much affected.
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Figure 6.17: The effects of the jet energy scale variation (left) and the b-tagging ef-
ficiency variation (right) within their systematic uncertainty on the tt̄ Monte Carlo
simulation in no-lepton multi-jet channel.

Luminosity uncertainty For the systematic uncertainty on the integrated lumi-
nosity, 3.7 % is assigned as described in Section 4.1.1.

ISR/FSR To study the effect of the initial state radiation (ISR) and the final state
radiation (FSR) on tt̄ process, the ACERMC [96] generator interface to the PYTHIA
shower model is used. The parameters controlling ISR and FSR are varied within a
range consistent with the experimental data as in Reference [97]. Half of the rela-
tive difference between the maximum and the minimum variations is assigned to the
nominal background estimated by MC@NLO as this systematic uncertainty. Table 6.5
summarizes the ISR/FSR parameters that were varied. The meaning of each parame-
ters is as follows.

• Q2 : the Q2 scale of the 2→2 hard scattering

• k2
⊥ : the squared transverse momentum evolution scale in the space-like parton-

shower evolution

• Λtime : Λ value used in running αs for time-like parton showers except for showers
in the decay of a resonance.

• mmin : invariant mass cut-off of parton showers, below which partons are not
assumed to radiate.

Figure 6.18 (left) shows the effect of the ISR/FSR parameter variations on the meff

distributions. The envelope of the distributions is taken as the systematic uncertainty.
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Table 6.5: The variation of the parameters controlling ISR and FSR for tt̄ MC sim-
ulation. Each parameter is scaled from the default value by the factor shown in the
table.

Q2 k2
⊥ Λtime mmin

ISR down (0) 0.5 4.0 1.0 1.0
ISR down (1) 1.0 3.0 1.0 1.0
ISR down (2) 2.0 2.0 1.0 1.0
ISR up (0) 6.0 0.3 1.0 1.0
ISR up (1) 5.0 0.5 1.0 1.0
ISR up (2) 4.5 0.75 1.0 1.0
FSR down (0) 1.0 1.0 0.5 2.0
FSR down (1) 1.0 1.0 0.75 2.0
FSR up (0) 1.0 1.0 2.0 0.5
FSR up (1) 1.0 1.0 1.2 0.5
ISR down, FSR down 0.5 4.0 0.5 2.0
ISR up , FSR up 6.0 0.3 2.0 0.5
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Figure 6.18: The effects of the ISR/FSR variations (left) and the generator/shower
modeling difference (right) to the meff distribution of tt̄ MC simulation in no-lepton
multi-jet channel.
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Generator The generator dependence is checked by using POWHEG [98] instead
of MC@NLO. Both generators are interfaced with fragmentation and hadronization
model using HERWIG-JIMMY as same as the nominal MC@NLO simulation. Half
of the difference between them is assigned as the systematic uncertainty. Figure 6.18
(right) shows the effect of the generator difference to the meff distribution. POWHEG
simulates harder meff .

Shower modeling The systematic uncertainty from the shower modeling is stud-
ied by changing interface for POWHEG. One is HERWIG and the other is PYTHIA.
Again, half of the relative difference between the two cases is taken as the system-
atic uncertainty. Figure 6.18 shows the effect of the shower modeling difference for
POWHEG tt̄ MC simulation. The effect is found to be much smaller than the gener-
ator difference.

The systematic uncertainties are reduced by considering a control region with similar
event selection criteria, but where one lepton is required. Then Monte Carlo simulation
of the top productions (tt̄ and single top) are normalized to data, after subtracting the
contamination from other SM processes using MC simulations. The normalization
factor obtained in this control region is applied to the top events in no-lepton signal
regions. That is, the top events in the signal regions (SR), N top

SR is estimated by

NSR
top =

NCR
data −NCR

non-top,MC

NCR
top,MC

NSR
top,MC (6.8)

where NCR
data, N

CR
non-top,MC and NCR

top,MC are the number of events in the control regions
(CR) for data, non-top MC simulation and top MC simulation, respectively, and
NSR

top,MC is the number of events in the signal regions from the top MC simulation.
Since the dominant background process in the one-lepton control region is also top
pair with semi-leptonic decay, the kinematics is similar to that of the no-lepton signal
regions.

The event selection is as follows.

• exactly one tight lepton (pT > 25 GeV for an electron and pT > 20 GeV for a
muon) and no additional leptons with the loose criteria

• 40 GeV < mT < 100 GeV (mT defined by Equation 6.17)

• Emiss
T > 80 GeV

• leading jet pT > 60 GeV

• 4th leading jet pT > 50 GeV

• at least one b-tagged jet with pT > 50 GeV

101



Use of one-lepton control region will introduce other systematic uncertainties re-
lated to lepton identifications but as they are smaller than the other systematic uncer-
tainties described in Table 6.6, the total uncertainty is reduced by normalizing the MC
simulated sample to data in the control region. SUSY signals with smaller mass can
contribute even in the background enhanced control region. Therefore its contribution
to the control region is assigned as an additional systematic uncertainty and if the total
systematic uncertainty with the MC-normalized estimation is smaller than MC-only
estimation, MC-normalized estimation is used. Figure 6.19 shows the ratio of SUSY
signals to the top events from the MC simulations in the one-lepton control region to
see the signal contamination.

Figure 6.20 shows distributions of Emiss
T , meff and the leading jet pT in the one-

lepton control region comparing data and default MC simulations. The error bands
shown are the sum in quadrature of the JES uncertainty and the b-tagging efficiency
uncertainty. The MC simulation reproduces the shape of data within the systematic
uncertainty. Other variables used in event selection are also agree between data and
MC simulation within the systematic uncertainty. The purity of top events in the
control regions is 89 % and the top normalization factor obtained is 1.03±0.04 (stat.).
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Figure 6.19: The ratio of SUSY signal in the mSUGRA model to the top background
in the one-lepton low-mT control region.

W+jets estimation

The second largest SM background is W + bb̄ process. Here again a control region is
prepared to determine the normalization of MC simulation. For cases where the signal
contribution to the control region is small, the W+jets background can be estimated
by the equation

NSR
W =

NCR
data −NCR

non-W

NCR
W,MC

NSR
W,MC. (6.9)

When the MC samples are normalized to data, the signal contribution to the W+jets
control region is taken as an additional systematic uncertainty. On the other hand,
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Figure 6.20: The distributions of Emiss
T (top), meff (middle) and leading jet pT (bottom)

in the one-lepton control region defined by 40 GeV < mT < 100 GeV for the estimation
of top events. The left figures are for the electron channel and the right are for the
muon channel.
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Table 6.6: The estimated number of top events in the no-lepton multi-jet signal regions
and the associated systematic uncertainties. The top table is without normalizing the
MC samples to data and the bottom are with the normalization.

without MC normalization
meff > 500 GeV meff > 750 GeV meff > 1000 GeV

events 94 40 7.4

Jet energy scale +29
−24 % +35

−23 % +46
−27 %

b-tagging efficiency ±10 % +9.1
−10 % +9.8

−12 %
Luminosity ±3.7 % ±3.7 % ±3.7 %
ISR/FSR ±28 % ±33 % ±39 %
Generator ±7 % ±13 % ±14 %

Shower modeling ±0.6 % ±2.5 % ±6.4 %
Cross section +6.9

−9.5 % +6.9
−9.5 % +6.9

−9.6 %

Uncertainty sum +43
−40 % +51

−44 % +62
−51 %

with MC normalization
meff > 500 GeV meff > 750 GeV meff > 1000 GeV

events 97 41 7.6

Jet energy scale +0
−3.5 % +0

−7.3 % +7.1
−4.7 %

b-tagging efficiency +0
−2.6 % +0

−3.6 % +0
−3.0 %

ISR/FSR ±13 % ±16 % ±29 %
Generator ±3.5 % ±15 % ±16 %

Shower modeling ±1.2 % ±2.9 % ±5.0 %
Statics ±3.7 % ±3.7 % ±3.7 %

Electron trigger ±0.2 % ±0.2 % ±0.2 %
Electron reconstruction ±0.8 % ±0.8 % ±0.8 %

Muon trigger ±0.5 % ±0.5 % ±0.5 %
Muon reconstruction ±0.3 % ±0.3 % ±0.3 %

Uncertainty sum +14
−15 % ±20 % ±38 %
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when the signal contribution in the control region is too large, the background can be
estimated purely from the MC simulation. In practice, both methods are tried and the
method that gives the smaller total uncertainty is used to estimate the background.

Since tt̄ events are dominant after four-jet selection, one-jet exclusive region is used
for W+jets control region. The event selection is as follows.

• exactly one tight lepton (pT > 25 GeV for an electron and pT > 20 GeV for a
muon) and no additional leptons with loose criteria

• 40 GeV < mT < 100 GeV (mT defined by Equation 6.17)

• Emiss
T > 30 GeV

• leading jet pT > 60 GeV

• 2nd leading jet pT ≤ 50 GeV

• leading jet is b-tagged

Figures 6.21 show the distributions of Emiss
T and leading jet pT (b-tagged) in the

electron and muon channels before the normalization of MC simulated samples to data.
The error bands shown are the sum of the JES uncertainty and b-tagging efficiency
uncertainty. The distributions of data and MC simulation agree within the systematic
uncertainty. The purity of W+jets events in the control regions is 61 % and the nor-
malization factor obtained is 1.02±0.03 (stat.). Table 6.7 shows the estimated number
of W+jets events with and without normalization. The JES and b-tagging systematic
uncertainties are assigned in the same way. For the cross-section uncertainty, 4 % and
17 % are assigned to the associated production of light-flavor and heavy-flavor jets,
respectively. An additional uncertainty of 24 % per parton (added in quadrature) is as-
signed to take into account the MLM matching used in the production of the ALPGEN
samples.

QCD multi-jet estimation

The QCD multi-jet events which pass large Emiss
T cut are due to mismeasurement of

the jet energy or to the leptonic decay of heavy-flavor hadrons in jets. Monte Carlo
simulation cannot describe well such events for a number of reasons. The first is that
that a large number of events is required to simulate such rare events. The second is
that it is difficult to validate such a rare event. Therefore this background needs to be
estimated in a data-driven way.

The method used in this estimation is called jet smearing method [99]. The method
proceeds as follows.

1. Collect low Emiss
T significance (defined by Equation 6.10) events from the data;

these events are dominated by the QCD multi-jet process.

2. Prepare jet energy smearing functions from the Monte Carlo simulation. The
differences between data and MC are corrected by in-situ measurements.
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Figure 6.21: The distributions of Emiss
T (top) and the leading jet pT (bottom) in the

one-lepton W + bb̄ control region. The left figures show the electron channel and the
right the muon channel.
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Table 6.7: The estimated number of W+jets events in the no-lepton multi-jet channel
with and without the normalization of MC samples to data in the one-lepton control
region. The systematic uncertainties are also shown.

without MC normalization
meff > 500 GeV meff > 750 GeV meff > 1000 GeV

events 10.9 7.7 1.8

Jet energy scale +15
−28 % +21

−28 % +68
−62 %

b-tagging efficiency +15
−20 % +19

−26 % +28
−26 %

Luminosity ±3.7 % ±3.7 % ±3.7
Cross section ±8 % ±7 % ±8 %

Number of parton ±49 % ±49 % ±49%

Uncertainty sum +54
−60 % +57

−63 % +89
−83 %

with MC normalization
meff > 500 GeV meff > 750 GeV meff > 1000 GeV

events 11.2 7.9 1.9

Jet energy scale +12
−21 % +18

−21 % +64
−58 %

b-tagging efficiency +7.2
−15 % +0

−12 % +0
−5.1 %

Number of parton +26
−37 % +26

−38 % +25
−37 %

Statistics ±3.2 % ±3.2 % ±3.2 %
Electron trigger ±0.2 % ±0.2 % ±0.2 %

Electron reconstruction ±0.8 % ±0.8 % ±0.8 %
Muon trigger ±0.5 % ±0.5 % ±0.5 %

Muon reconstruction ±0.3 % ±0.3 % ±0.3 %

Uncertainty sum +29
−45 % +32

−45 % +69
−69 %
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3. Smear the jet pT in the data samples which have low Emiss
T significance, using the

jet smearing function obtained in the above. Repeat this procedure many times
(in this analysis 10000 times) for one event and generate enough jet pT smeared
samples.

4. Apply the same signal selection to the smeared samples. The number of QCD
multi-jet events in the signal region can be estimated by normalizing these sam-
ples to data in a QCD multi-jet dominant region. In the case of a signal whose
contribution in the QCD control region is large, the smeared samples are nor-
malized to the MC simulation of the QCD di-jet process.

In the following, the detail of these procedures are described.

Seed event selection The seed events are collected from data samples using the
single-jet triggers with different pT thresholds as shown in Table 6.8. Since the lower
pT threshold triggers are highly prescaled, the appropriate trigger is chosen to collect
the required leading jet pT range from these triggers. The triggers are not fully efficient
just above the pT thresholds; higher pT ranges than the thresholds are used for the
analysis.

To select events with small jet energy fluctuation, the region of small Emiss
T signifi-

cance is used. Emiss
T significance, S is defined as follows,

S =
Emiss

T√
ΣET

. (6.10)

Here the sum over ET is for all reconstructed objects and also the clusters not belonging
to any selected objects. Figure 6.22 shows the distribution of S collected by the single-
jet triggers. The events with S < 0.8 [GeV1/2] are used as seed events for the jet
smearing method.
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Figure 6.22: The distribution of Emiss
T significance after the several single-jet triggers.

The SM contributions shown are from Monte Carlo simulation.
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Table 6.8: The single-jet triggers used to collect the seed events for the jet smearing
method. The threshold of each trigger and the corresponding leading jet pT range used
in the analysis are also shown.

trigger name trigger threshold used range

EF j30 a4(tc) EFFS pT > 30 GeV p1st jet
T < 90 GeV

EF j40 a4(tc) EFFS pT > 40 GeV 90 GeV ≤ p1st jet
T < 110 GeV

EF j55 a4(tc) EFFS pT > 55 GeV 110 GeV ≤ p1st jet
T < 140 GeV

EF j75 a4(tc) EFFS pT > 75 GeV 140 GeV ≤ p1st jet
T < 180 GeV

EF j100 a4(tc) EFFS pT > 100 GeV 180 GeV ≤ p1st jet
T < 230 GeV

EF j135 a4(tc) EFFS pT > 135 GeV 230 GeV ≤ p1st jet
T < 300 GeV

EF j180 a4(tc) EFFS pT > 180 GeV 300 GeV ≤ p1st jet
T < 400 GeV

EF j240 a4(tc) EFFS pT > 240 GeV 400 GeV ≤ p1st jet
T

Smearing function The jet smearing functions are obtained from PYTHIA QCD di-
jet samples mentioned in Section 4.2.1 (QCD di-jet). Smearing functions are obtained
from the ratio of the reconstructed jet pT to the truth jet pT,

R =
preco.

T

ptruth
T

. (6.11)

To account for the leptonic decay of heavy-flavor hadrons in a jet, momentums of
muons and neutrinos within the cone size of the jet (∆R = 0.4) are added to the truth
jet momentum.

Smearing functions are parametrized by truth jet pT. The performance of the
smearing changes around jet |η| = 1.8 as seen in Figure 6.23 (left). Smearing functions
are prepared for 0 ≤ |ηjet| < 1.8 and 1.8 ≤ |ηjet| < 2.8 regions separately.

Also, due to the leptonic decay of heavy-flavor hadrons in a jet, the smearing
functions behave differently between light-flavor and heavy-flavor jets. In practice, jet
flavor is not obtained for data. Therefore, different smearing functions are prepared
for b-tagged and non b-tagged jets. Figure 6.23 (right) shows the smearing functions
for b-tagged and non b-tagged jets. The fluctuations to the lower side is greater for
b-tagged jets than for non b-tagged jets while the upper fluctuation is similar for both
flavor of jets.

Correction of smearing function The Gaussian response of the jet smearing func-
tion just obtained from MC simulation is adjusted to data and validated in the following
way.

• Jet asymmetry

Events are selected by requiring two jets with pT > 20 GeV and third leading jet
pT ≤ 20 GeV (if it exists) on the data samples collected by the single-jet triggers
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Figure 6.23: η dependence of smearing functions for pT > 50 GeV (left). The right
figure is smearing functions of b-tagged (blue line) and non b-tagged jets (red line)
with pT > 50 GeV.

shown in Table 6.8 and the jet smeared samples. To reduce real Emiss
T events

like Z(→ νν̄)+ jets, two leading jets are required to be back-to-back (∆φjj > 2.8
rad). Then the jet asymmetry A defined by the following equation is used.

A =
p1st jet

T − p2nd jet
T

p1st jet
T + p2nd jet

T

, (6.12)

where p1st jet
T and p2nd jet

T are the leading jet pT and the second leading jet pT by
pT ordering. This distribution is sensitive to the Gaussian response of the jets.
By fitting this distribution to the Gaussian function, σA is obtained. Assuming
that two jets have the same Gaussian σpT

, their relation can be given by:

σA =

√
σ(p1st jet

T )2 + σ(p2nd jet
T )2

〈p1st jet
T + p2nd jet

T 〉 ' σpT√
2pT

, (6.13)

where transverse momentums are expected to be balanced, i.e. 〈p1st jet
T 〉 = 〈p2nd jet

T 〉 ≡
pT.

Figures 6.24 show the jet asymmetry distributions for data, for samples smeared
with initially obtained jet smearing functions and for samples smeared with the
corrected jet smearing functions (explained below) for different ranges in jet pT.
Before the correction, jet pT resolutions in smeared samples are narrower than
in the data. By fitting these distributions to a Gaussian function, the difference
in Gaussian response of the smearing is obtained. The default smeared samples
are further smeared by this Gaussian function to reduce the difference between
the data and the smeared samples.

Figure 6.25 shows the comparison of fitted Gaussian σA as a function of the
average jet pT, comparing data and the smeared samples. After the correction,
the agreement in the jet pT resolution becomes within 10 % in all ranges of jet
pT.
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Figure 6.24: Jet asymmetry distributions for data, for default smeared samples and
for the smeared samples with correction for different ranges in jet pT.
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Figure 6.25: Fitted Gaussian σ of jet asymmetry, A as a function of jet pT for data,
for smeared data and for smeared data after the correction of the difference.

• Mercedes events

In case of the di-jet asymmetry, upper and lower fluctuations of jet pT cannot
be distinguished. The analysis of the so-called ’Mercedes’ events allows for an
examination of both the up-side and low-side response tails of jets. The selection
criteria for Mercedes events are shown in Table 6.9, where ji (i = 1, ..., N) stands
for jets with pT > 50 GeV sorted by the distance in azimuthal angle to the Emiss

T

vector. Events containing only one jet parallel or antiparallel to the Emiss
T vector

as in Figure 6.26 are selected. Such events are called Mercedes events because of
their resemblance to the Mercedes logo.

Table 6.9: Event selection criteria for Mercedes events.

Parallel Antiparallel

at least three jet with pT > 50 GeV
Emiss

T > 15 GeV

|∆φ(j1, Emiss
T )| < π − |∆φ(jN , Emiss

T )| π − |∆φ(jN , Emiss
T )| < |∆φ(j1, Emiss

T )|
|∆φ(j1, Emiss

T )| < 0.1 rad π − |∆φ(jN , Emiss
T )| < 0.1 rad

|∆φ(j2, Emiss
T )| > 1.0 rad π − |∆φ(jN−1, Emiss

T )| > 1.0 rad
π − |∆φ(jN , Emiss

T )| > 0.25 rad |∆φ(j1, Emiss
T )| > 0.25 rad
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Figure 6.26: The schematic diagrams of the Mercedes events. The Emiss
T vector is either

parallel (left) or antiparallel (right) to one jet.

The jet response R2 is defined in analogy to Equation 6.11,

R2 =
~p jet

T ·
(
~p jet

T + ~Emiss
T

)

|~p jet
T + ~Emiss

T |2
, (6.14)

where ~p jet
T is the transverse momentum of the jet which is parallel or antiparallel

to the ~Emiss
T vector. This follows the facts that for Mercedes events, ~p jet

T + ~Emiss
T

is expected to be close to the transverse momentum of truth jets; R2 therefore
corresponds to the jet smearing function. Figures 6.27 and 6.28 show the R2

distributions for non b-tagged and b-tagged jets. After the correction, data and
smeared samples agree within the sum of statistical uncertainties of data and
the smeared samples in both directions of fluctuation in most ranges. In higher-
pT range for non-b-tagged jets, there are slightly larger discrepancy can be seen
between data and the smeared samples. The excess of the smeared samples comes
from the events triggered by the lower-pT jet triggers.

Normalization Finally the smeared events are normalized to data in the region
min∆φ1,2,3 < 0.4 rad after requiring

• leading jet pT > 130 GeV

• 4th leading jet pT > 80 GeV

• Emiss
T > 130 GeV

• at least one b-tagged jet (pT > 50 GeV)

assuming the signal contribution is negligible. When normalizing smeared samples,
non-QCD SM process are subtracted from data using MC simulation,

NSR
QCD =

NCR
data −NCR

non-QCD,MC

NCR
QCD,smear

NSR
QCD,smear. (6.15)
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Figure 6.27: The R2 distributions for data, for default smeared samples and for smeared
samples with corrections for different ranges in jet pT. The jet which is parallel or
antiparallel to the Emiss

T vector is not b-tagged.
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Figure 6.28: The R2 distributions for data, for default smeared samples and for smeared
samples with corrections for different ranges in jet pT. The jet which is parallel or
antiparallel to the Emiss

T vector is b-tagged.
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If the signal contribution to the control region is not negligible, the smeared samples
can be normalized to the MC simulation of QCD di-jet sample after the same event
selection,

NSR
QCD =

NCR
QCD,MC

NCR
QCD,smear

NSR
QCD,smear. (6.16)

In practice, the signal contribution to the QCD control region is assigned as the addi-
tional systematic uncertainty. If the total uncertainty when the smeared samples are
normalized to data is smaller than the total uncertainty when the smeared samples are
normalized to MC simulation, the estimation by normalization to data is used.

Figure 6.29 (top left) shows the min∆φ1,2,3 distribution in this control region and the
rest of Figures 6.29 are other variables in min∆φ1,2,3 < 0.4 rad region after normalizing
the smeared samples to data. The error bars shown are for the statistical uncertainty
only. Good agreement with data is seen within uncertainties.

Systematic uncertainties When the smeared samples are normalized to data, the
JES uncertainty changes both the non-QCD background estimation in the control
region and the smearing functions. The b-tagging efficiency uncertainty affects the non-
QCD MC simulation only. For the systematic uncertainty related to the correction of
the smearing functions, the variations when the correcting Gaussian sigma is changed
by ±50 % are assigned.

When the smeared samples are normalized to the MC simulation, additionally to
the other systematic uncertainties, 100 % systematic uncertainty is assigned for the
theory since the MC is normalized to LO cross-section and heavy-flavor fraction is
not well known in the theory. To check the QCD MC simulation, the distributions
of the leading jet pT, number of jets, min∆φ1,2,3 and the number of b-tagged jets are
compared with data after requiring pT > 130 GeV and Emiss

T > 130 GeV; the results
are shown in Figure 6.30. The error bars show the JES and b-tagging uncertainties
only. The number of events observed in data is larger than the estimation from the
MC simulated QCD process. This discrepancy, however, within 50 % and smaller than
the systematic uncertainty considered here.

The estimated numbers of QCD events in the signal regions are summarized in the
Table 6.13.

Z+jets estimation

The contribution of the Z+jets process is expected to be smaller than the backgrounds
described earlier and is estimated by MC simulation only. Table 6.11 shows the esti-
mated number of Z+jets events with associated systematic uncertainties. The uncer-
tainties are calculated in the same way as for the W+jets production.

Estimation of other SM backgrounds

Other Standard Model backgrounds are estimated purely by Monte Carlo simulation.
The JES and b-tagging systematic uncertainties are calculated in the same way as
described earlier. For the theoretical uncertainty, 100 % is assigned to each process

116



 [rad]φ∆min

E
ve

nt
s 

/ 0
.1

 r
ad

1

10

210

310

410
0-lepton, 4 jets

 = 7 TeVs, -1L dt =  2.05 fb∫ Data 2011

SM Total

QCD production

top production

W production

Z production

 [rad]
1,2,3

φ∆min
0 0.5 1 1.5 2 2.5 3

D
at

a 
/ S

M

0

0.5

1

1.5

2
 [GeV]missE

E
ve

nt
s 

/ 2
0 

G
eV

1

10

210

310

410 0-lepton, 4 jets

 = 7 TeVs, -1L dt =  2.05 fb∫ Data 2011

SM Total

QCD production

top production

W production

Z production

 [GeV]miss
TE

0 100 200 300 400 500 600 700

D
at

a 
/ S

M

0

0.5

1

1.5

2

 [GeV]1st jetp

E
ve

nt
s 

/ 5
0 

G
eV

1

10

210

310

410
0-lepton, 4 jets

 = 7 TeVs, -1L dt =  2.05 fb∫ Data 2011

SM Total

QCD production

top production

W production

Z production

 [GeV]1st jet

T
p

0 200 400 600 800 1000 1200 1400

D
at

a 
/ S

M

0

0.5

1

1.5

2
 [GeV]m

E
ve

nt
s 

/ 1
00

 G
eV

1

10

210

310

410
0-lepton, 4 jets

 = 7 TeVs, -1L dt =  2.05 fb∫ Data 2011

SM Total

QCD production

top production

W production

Z production

 [GeV]effm
0 500 1000 1500 2000 2500 3000

D
at

a 
/ S

M

0

0.5

1

1.5

2

Figure 6.29: The min∆φ1,2,3 distribution in the QCD control region (top left). The
rest of figures are distributions of Emiss

T (top right), leading jet pT (bottom left) and
meff (bottom right) in the region defined by min∆φ1,2,3 < 0.4 rad.
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Figure 6.30: The distributions of the leading jet pT (top left), the number of jets (top
right), the number of b-tagged jets (bottom left) and min∆φ1,2,3 (bottom right) after
requiring leading jet pT > 130 GeV and Emiss

T > 130 GeV comparing data and MC
simulations.
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Table 6.10: The estimated number of QCD multi-jet events in the no-lepton multi-jet
channel, shown together with the associated systematic uncertainties.

normalized to MC
meff > 500 GeV meff > 750 GeV meff > 1000 GeV

events 17 5.9 1.3

Jet energy scale +31
−25 % +67

−5 % +40
−42 %

b-tagging efficiency +16
−22 % +16

−22 % +16
−22 %

Luminosity ±3.7 % ±3.7 % ±3.7 %
Gaussian correction +0

−18 % +18
−2 % +0

−18 %
Theory ±100 % ±100 % ±100 %

Statistics ±14 % ±16 % ±15 %

Uncertainty sum +109
−100 % +123

−100 % +111
−100 %

normalized to data
meff > 500 GeV meff > 750 GeV meff > 1000 GeV

events 22 7.9 1.7

Jet energy scale +0
−21 % +16

−0 % +0
−29 %

b-tagging efficiency ±2 % ±2 % ±2 %
Gaussian correction +0

−18 % +18
−2 % +0

−18 %
Statistics ±14 % ±16 % ±15 %

Uncertainty sum +14
−31 % +29

−16 % +15
−37 %

Table 6.11: The estimated number of Z+jets events in the no-lepton multi-jet channel
with the associated systematic uncertainties.

meff > 500 GeV meff > 750 GeV meff > 1000 GeV

events 4.2 1.9 0.2

Jet energy scale +8.7
−40 % +0

−9.9 % +102
−12 %

b-tagging efficiency +20
−15 % +29

−17 % +12
−9.6 %

Luminosity ±3.7 % ±3.7 % ±3.7 %
Cross section ±9.8 % ±12 % ±15 %

Number of parton ±39 % ±32 % ±42 %

Uncertainty sum +46
−59 % +45

−39 % +112
−48 %

119



as a conservative estimate. For the tt̄ + W/Z and tt̄ + bb̄ processes, only the LO
cross-sections are available and no dedicated study on these MC simulations have been
performed. Table 6.12 shows the contributions of the remaining SM backgrounds to
the signal regions of the no-lepton multi-jet channel.

Table 6.12: The estimated number of events of the remaining SM backgrounds in the
no-lepton multi-jet signal regions.

meff > 500 GeV meff > 750 GeV meff > 1000 GeV

WW , WZ, ZZ 0.1 0.1 0
tt̄+ bb̄ 0.9 0.3 0.04

tt̄+W or Z 2.5 1.3 0.3

6.2.4 Summary

Table 6.13 shows the expected and the observed number of events in the signal regions.
Observations agree with expectations within the uncertainties and no significant excess
beyond the SM prediction is not seen. Figures 6.31 show the distributions of Emiss

T , the
leading jet pT and meff for data and the SM prediction before the meff cuts. The SM
predictions have not been normalized to data in the control region. The error bands
shown are the sum in quadrature of the JES uncertainty and b-tagging uncertainty. In
Chapter 7, the exclusion limits on the mSUGRA model and the other SUSY models
are computed.
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Figure 6.31: The distributions of Emiss
T (top left), leading jet pT (top right) and meff

(bottom left) in the no-lepton multi-jet signal region before meff cut. The SM predic-
tions are not normalized to data.
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Table 6.13: The expected and observed number of events in the no-lepton multi-jet
signal regions. In the table, sim. means the estimation with MC simulation only
(for QCD, smeared samples are normalized to MC simulation) and norm. means the
estimation with MC simulation normalized to data in the control region (for QCD,
smeared samples are normalized to data).

meff > 500 GeV meff > 750 GeV meff > 1000 GeV

Data (2.05 fb−1) 132 57 10
SM (sim.) 129+51

−50 57+26
−22 11.0+6.4

−5.3

SM (norm.) 138+14
−18 60.3+8.7

−9.1 11.6+3.3
−3.5

top (sim.) 94+41
−37 40+20

−18 7.4+4.5
−3.7

top (norm.) 97±14 40.9+8.2
−8.4 7.6+2.9

−2.8

W+jets (sim.) 10.9 +5.9
−6.6 7.7+4.4

−4.9 1.8 +1.6
−1.5

W+jets (norm.) 11.2+3.3
−5.1 7.9+2.5

−3.6 1.9 ±1.3
QCD (sim.) 17+18

−17 5.9 +7.3
−5.9 1.3+1.4

−1.3

QCD (norm.) 22.1+3.2
−7.0 7.9+2.3

−1.3 1.7+0.3
−0.6

Z+jets 4.2+1.9
−2.5 1.9+0.8

−0.7 0.2+0.2
−0.1

Others 3.5± 2.2 1.7+1.1
−1.2 0.4± 0.3

6.3 One-lepton multi-jet channel

If gluinos are pair-produced and decay to a stop or a sbottom and its SM partners
followed by their decay to a chargino, b-jets and leptons can be observed in the final
state. In this section, the analysis for the final state consisting of multi-jets including
b-jets, Emiss

T and a lepton is described.

6.3.1 Benchmark signals

As in the previous section, the mSUGRA model with tan β = 40, A0 = −500 GeV and
µ > 0 model is used as a benchmark SUSY signal.

6.3.2 Optimization of event selection

First, events are selected by the single-electron trigger EF e20 medium and the single-
muon trigger EF mu18 (and EF mu18 L1J10) with exactly one lepton (electron or muon)
satisfying the tight criteria described in Section 5.3 and 5.4. To satisfy the single-lepton
trigger requirements described in Section 6.1.5, an electron with pT > 25 GeV or a
muon with pT > 20 GeV are selected. If there are other leptons in the event satisfying
loose criteria, the event is rejected.

In the later data-taking periods, the single-muon trigger required one jet with
pT > 60 GeV in addition to the muon, a leading offline jet with pT > 60 GeV is required
throughout all data periods for consistency in both electron and muon channels.
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Figure 6.32 (left) shows the distribution in MC simulation of the number of jets,
after requiring one electron. As references, two SUSY signal points, (m0,m1/2) =
(1240 GeV, 220 GeV), (560 GeV, 400 GeV) are overlaid. By requiring at least four
jets with pT > 50 GeV, SM backgrounds are greatly reduced while keeping high signal
acceptance.

Figure 6.32 (right) is the Emiss
T distribution again after requiring one electron.

Emiss
T > 80 GeV is chosen to reduce SM backgrounds while keeping high signal ac-

ceptance.
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Figure 6.32: The distributions of the number of jets (left) and the Emiss
T (right) after

requiring one electron.

Because of the enhancement of the gluino decay to the stop and the sbottom in the
mSUGRA model with large tan β, SUSY signals have b-jets in the final state. Figure
6.33 shows the distribution of the number of b-tagged jets after the requirement of one
electron. By requiring at least one b-tagged jets, most of the W/Z+jets processes are
removed.

To further reduce SM backgrounds, a cut is placed on the transverse mass between
the lepton and the Emiss

T , defined as follows,

mT =

√
2
(
plepton

T Emiss
T − ~p lepton

T · ~Emiss
T

)
. (6.17)

If one neutrino which is a decay product of the W boson is the only source of missing
energy, this mT corresponds to the transverse mass of the W . However, if there are
other sources of the missing energy, mT distributions is distorted. Figure 6.33 (left)
shows the mT distribution after requiring four jets with pT > 50 GeV and Emiss

T > 80
GeV. Above mT = 100 GeV, SM backgrounds decrease sharply but SUSY signals have
flatter distributions. By requiring mT > 100 GeV, SUSY signals are enhanced.

Finally, to enhance the SUSY signals further, the effective mass meff defined by

meff = Emiss
T +

4∑
i=1

(pjet
T )i + plepton

T (6.18)
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Figure 6.33: The distributions of the number of b-tagged jets after requiring one elec-
tron (left). The transverse massmT distribution after requiring four jets and Emiss

T > 80
GeV (right).

is used. The effective mass is expected to reflect the total masses of the initially
produced particles. Since the optimum meff cut depends on the masses of SUSY
particles, the optimum cut is chosen for each signal point. Figure 6.34 is the meff

distribution after all other cuts.
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Figure 6.34: The effective mass meff distribution after all other event selection for one
electron channel.

The event selection is summarized as follows.

• exactly one tight lepton (pT > 25 GeV for an electron and pT > 20 GeV for a
muon) and no additional leptons satisfying loose criteria.

• leading jet pT > 60 GeV

• at least four jets with pT > 50 GeV

• Emiss
T > 80 GeV
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• mT > 100 GeV

• at least one b-tagged jet with pT > 50 GeV

• optimum meff cut as follows.

The optimummeff cut is determined to give the highest signal significance as defined
by Equation 6.7. Figure 6.35 is the best meff cut for each SUSY signal point. To
cover the whole range, three signal regions, meff > 400 GeV, meff > 700 GeV meff >
1000 GeV are prepared. The actual signal region for each signal point is determined
after fixing the background estimation and associated uncertainties.

 [GeV]0m

500 1000 1500 2000 2500 3000

 [G
eV

]
1/

2
m

100

200

300

400

500

600

400

500

600

700

800

900

1000
 cut [GeV]effm

Figure 6.35: The best meff cut for each mSUGRA signal point in the one-lepton multi-
jet channel.

6.3.3 SM background estimation

QCD multi-jet estimation

QCD events can mimic the signal signature in the one-lepton channel if a non-prompt
lepton arising form the leptonic decay of heavy-favor hadrons in a jet or a γ conversion
or a misidentified jet satisfies the lepton criteria. This category of leptons will be
referred to as fake leptons while leptons from W or Z boson decay will be referred to as
real leptons. Since it is difficult to describe the fake leptons in simulation, the so-called
matrix method is used, which estimates the QCD background from data [100].

For this method, two selection criteria for leptons, loose and tight are prepared.
These criteria are defined in Section 5.3 and 5.4. The tight criteria corresponds to
the signal selection of leptons which is dominated by real leptons. The loose criteria
corresponds to the preselection of lepton which is dominated by fake leptons.

The number of events in the two samples, N loose and N tight can be expressed in
terms of the number of events with real leptons and fake leptons, N loose

real and N tight
fake , and
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the probability for a real (fake) lepton which passes the loose selection to also satisfy
the tight selection: εreal(fake) = N tight

real(fake)/N
loose
real(fake).

N loose = N loose
real +N loose

fake

N tight = εrealN
loose
real + εfakeN

loose
fake (6.19)(

N loose

N tight

)
=

(
1 1
εreal εfake

)(
N loose

real

N loose
fake

)
(6.20)

Since N loose and N tight are obtained from data, if εreal and εfake are known, the
number of fake-lepton events which pass the tight selection N tight

fake can be obtained as
follows. (

N loose
real

N loose
fake

)
=

1

εfake − εreal

(
εfake −1
−εreal 1

)(
N loose

N tight

)
(6.21)

N tight
fake = εfakeN

loose
fake =

εfake

εreal − εfake

(εrealN
loose −N tight). (6.22)

The efficiency εreal and εfake can be estimated from data in the control regions
enriched by either real or fake leptons.

Measurement of εfake To measure εfake in the region similar to the signal region,
at least one b-tagged jet is required. To enhance fake lepton events, a region with low
Emiss

T and low mT is used:

• at least one b-tagged jet with pT > 50 GeV

• Emiss
T < 30 GeV

• mT < 40 GeV

Real-lepton events estimated by Monte Carlo simulation are subtracted from data.
The systematic uncertainties associated to these MC simulations are assigned as the
systematic uncertainties on εfake. The fake rate does not show a dependence on the
number of reconstructed vertices and the number of b-tagged jets (as long as at least
one b-tagged jet is required) but a dependence on the number of jets can be seen due to
the QCD multi-jet topology. Figure 6.36 is the inclusive fake rate dependence on the
number of jets. The standard deviation of this variation is assigned as the systematic
uncertainty of the fake rate.

Figures 6.37 show εfake as a function of lepton pT. The fake rate is also parametrized
as a function of the the lepton η. For electrons, the transition region between barrel and
end-cap calorimeters (1.37 < |η| < 1.52) has a performance that is different compared
to the neighboring ranges. The binning in η takes this dependence into account. For
pT values larger than those shown in these figures (pT > 50 GeV for electrons and
pT > 40 GeV for muons), the measurement of εfake is difficult due to the small number
of fake-lepton events compared to real-lepton events. In those regions, the values of
the fake rate from the highest pT bin that is measured are used, taking twice the
uncertainty.
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Figure 6.36: The fake rates as a function of the number of jets for an electron (left)
and a muon (right).
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Figure 6.37: εfake as a function of lepton pT and η. The left is for electrons and the
right is for muons.
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Measurement of εreal To measure εreal, the Z → l+l− process is used (where l
denotes either an electron or a muon). To select this process, the following conditions
are required on the samples collected by the single-electron trigger EF e20 medium or
the single-muon trigger EF mu18.

• exactly two same flavor loose leptons which have opposite charge

• invariant mass of two leptons, Mll satisfies 81 GeV < Mll < 101 GeV

To remove backgrounds to this process, one of the lepton is required to satisfy the tight
criteria; the other lepton in the event is then used to measure εreal. The contamination
from fake-lepton events is negligible after imposing these criteria.

To evaluate the systematic uncertainties on these values, the dependence on the
number of jets and on the number of reconstructed vertices were checked, but no
significant difference was observed.

Figures 6.38 show εreal as a function of lepton pT in different bins of η. For pT

values larger than those shown in Figures 6.38 (pT > 200 GeV), the values of the real
rate from the highest pT bin that is measured are used, taking twice the uncertainty.
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Figure 6.38: εreal as a function of lepton pT and η for electrons (left) and for muons
(right).

To validate the method, the distributions of plepton
T , mT and Emiss

T are checked after
requiring one lepton and one b-tagged jet (Figure 6.39). All distributions of data are
well reproduced by the estimated QCD production. The estimated number of fake-
lepton events and distributions in the signal regions are shown in Table 6.18 and Figure
6.40.

Top estimation

The dominant SM background is the tt̄ production whose contribution to the signal
regions are first estimated purely by Monte Carlo simulation. Since the single-top
production also has a similar topology, it is estimated inclusively with the tt̄ production.
Table 6.14 shows the estimated number of events in the signal regions together with
the associated systematic uncertainties.
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Figure 6.39: The distributions of plepton
T (top), mT (middle) and Emiss

T (bottom) after
requiring one lepton and one b-tagged jet, showing the validation of the QCD estima-
tion by the matrix method. The left figures show the electron channel and the right
figures the muon channel.
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Table 6.14: The estimated number of events of top backgrounds in the one-lepton
signal regions without normalizing the MC simulated samples to data in the control
region.

electron channel
meff > 400 GeV meff > 700 GeV meff > 1000 GeV

events 87.2 24.9 5.4

Jet energy scale +32
−20 % +30

−18 % +16
−27 %

b-tagging efficiency +10.1
−8.1 % +8.9

−9.4 % +6.1
−7.3 %

Luminosity ±3.7 % ±3.7 % ±3.7 %
ISR/FSR ±28 % ±31 % ±56 %
Generator ±10 % ±16 % ±18 %

Shower modeling ±0.1 % ±3.7 % ±1.6 %
Cross section +6.9

−9.5 % +6.9
−9.5 % +6.9

−9.5 %
Electron trigger ±0.4 % ±0.4 % ±0.4 %

Electron reconstruction ±1.6 % ±1.6 % ±1.6 %

Uncertainty sum +46
−37 % +47

−41 % +61
−65 %

muon channel
meff > 400 GeV meff > 700 GeV meff > 1000 GeV

events 102 27.5 5.5

Jet energy scale +30
−20 % +26

−18 % +33
−14 %

b-tagging efficiency +10.8
−8.3 % +9.4

−10.4 % +6.3
−11.4 %

Luminosity ±3.7 % ±3.7 % ±3.7 %
ISR/FSR ±33 % ±35 % ±61 %
Generator ±11 % ±14 % ±11 %

Shower modeling ±1.5 % ±3.3 % ±19 %
Cross section +6.9

−9.5 % +6.9
−9.5 % +6.9

−9.5 %
Muon trigger ±1 % ±1 % ±1 %

Muon reconstruction ±0.7 % ±0.7 % ±0.7 %

Uncertainty sum +48
−42 % +47

−44 % +73
−67 %
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To reduce the systematic uncertainty, the number of events from simulated samples
is normalized in the background dominant control region defined by

• 40 GeV < mT < 100 GeV

• meff > 400 GeV

which is also used in the previous section for top estimation. The number of top
events in the signal regions can then be estimated by Equation 6.8. Low-mass SUSY
signal can contribute to this control region. Therefore the signal contribution to the
control region is taken as an additional systematic uncertainty. If the total systematic
uncertainty is smaller than the one based purely on MC simulation, the estimation
with MC normalization is used.

Figures 6.20 show the distributions of Emiss
T , meff and leading jet pT in the control

region 40 GeV < mT < 100 GeV. The error bands shown are the sum of JES and
b-tagging systematic uncertainties before normalizing to data. Table 6.15 shows the
expected number of top events in the one-lepton signal regions with MC normalization
in the control region.

W+jets estimation

W + bb̄ is the second largest background but its contribution is much smaller than the
top backgrounds and it is difficult to find an appropriate control region. Therefore
it is estimated by purely MC simulation. Table 6.16 shows the estimated number of
W+jets events in the signal regions.

Estimation of other SM backgrounds

Contributions from other SM backgrounds are much smaller than the backgrounds
already described. They are estimated by Monte Carlo simulation with the cross-
section calculated by the theory. A conservative 100 % uncertainty is assigned to each
process. Table 6.17 shows the expectation for these backgrounds.

6.3.4 Summary

Table 6.18 summarizes the expected and observed number of events in the one-lepton
multi-jet signal regions. Figure 6.40 shows the distributions of Emiss

T , mT and meff after
requiring meff > 400 GeV. In all regions, the data and SM prediction agree within the
uncertainties and no significant excess is seen. In Chapter 7, the limits on SUSY
models are calculated using this result.
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Table 6.15: The expected number of top events in the one-lepton signal regions, nor-
malizing MC simulated samples to data in the control regions. The systematic uncer-
tainties are also shown.

electron channel
meff > 400 GeV meff > 700 GeV meff > 1000 GeV

events 87.7 25.0 5.3

Jet energy scale +1.8
−1.1 % +4.2

−2.6 % +0
−14 %

b-tagging efficiency +2.3
−3.0 % +0.9

−4.1 % +3.2
−6.6 %

ISR/FSR ±15 % ±23 % ±47 %
Generator ±11 % ±25 % ±30 %

Shower modeling ±0.9 % ±4.4 % ±0.9 %
Statistics ±5.4 % ±5.4 % ±5.4 %

Uncertainty sum ±29 % ±35 % +56
−58 %

muon channel
meff > 400 GeV meff > 700 GeV meff > 1000 GeV

events 107 28.8 5.7

Jet energy scale +1.0
−2.1 % +3.5

−5.7 % +8.9
−0 %

b-tagging efficiency +1.0
−1.7 % +0

−2.9 % +0
−5.7 %

ISR/FSR ±20 % ±22 % ±58 %
Generator ±15 % ±23 % ±15 %

Shower modeling ±5.4 % ±6.1 % ±15 %
Statistics ±5.0 % ±5.0 % ±5.0 %

Uncertainty sum ±25 % ±33 % ±63 %
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Table 6.16: The estimated number of W+jets events in the one-lepton signal regions
purely using MC simulation.

electron channel
meff > 400 GeV meff > 700 GeV meff > 1000 GeV

events 4.6 2.6 0.2

Jet energy scale +31
−0.8 % +42

−0 % +360
−0 %

b-tagging efficiency +31
−28 % +44

−41 % +27
−46 %

Number of partons ±44 % ±41 % ±42 %
Cross section ±11 % ±17 % ±17 %

Electron trigger ±0.4 % ±0.4 % ±0.4 %
Electron reconstruction ±1.6 % ±1.6 % ±1.6 %

Uncertainty sum +63
−54 % +75

−61 % +361
−64 %

muon channel
meff > 400 GeV meff > 700 GeV meff > 1000 GeV

events 4.5 3.2 1.1

Jet energy scale +53
−15 % +2

−13 % +68
−0 %

b-tagging efficiency +21
−16 % +26

−20 % +24
−20 %

Number of partons ±40 % ±40 % ±39 %
Cross section ±17 % ±17 % ±16 %
Muon trigger ±1 % ±1 % ±1 %

Muon reconstruction ±0.7 % ±0.7 % ±0.7 %

Uncertainty sum +72
−49 % +51

−50 % +48
−82 %
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Figure 6.40: The distributions of Emiss
T , mT and meff in the one-lepton multi-jet signal

regions for meff > 400 GeV. The left figures show the electron channel and the right
figures the muon channel.
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Table 6.17: The expected SM backgrounds in the one-lepton signal regions, excluding
backgrounds from top, W+jets and fake lepton events.

electron channel
meff > 400 GeV meff > 700 GeV meff > 1000 GeV

Z+jets 0.1 0.04 0
Di-boson 0 0 0
tt̄+bb̄ 1.3 0.4 0.03
tt̄+W 1.1 0.5 0.2
tt̄+Z 1.1 0.4 0.09

muon channel

meff > 400 GeV meff > 700 GeV meff > 1000 GeV

Z+jets 0.08 0.08 0
Diboson 0 0 0
tt̄+bb̄ 1.3 0.2 0
tt̄+W 1.0 0.4 0.08
tt̄+Z 1.2 0.5 0.1

6.4 No-lepton di-jet channel

As described in Section , if stops or sbottoms are directly pair-produced and directly
decay to the LSP or decay such that only soft particles are produced other than b-jets,
the final state becomes two b-jets and Emiss

T . In this section, the search in this topology
is described.

6.4.1 Benchmark signals

As a benchmark signal, sbottom pair production decaying to b+ χ̃0
1 with a branching

ratio of 100 % are used. The LSP is χ0
1. Cross-sections are only a function of the

sbottom mass as shown in Figure 6.41 (left).
Signals are generated in the (mb̃1

,mχ̃0
1
) plane as shown in Figure 6.41 (right).

6.4.2 Optimization of event selection

Since the signal does not produce any isolated leptons in the decay, the no-lepton
selection is applied. The jet plus Emiss

T trigger, EF j75 a4tc EFFS xe45 loose noMu is
used to collect data samples. Hence a leading jet with pT > 130 GeV and Emiss

T >
130 GeV are required in the offline analysis.

Figure 6.42 shows the distributions of the number of jets and the number of b-
tagged jets after the jet plus Emiss

T trigger. As expected, sbottom signals have at least
two jets. If the b-jet candidates are constrained to be the two leading jets, signals are
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Table 6.18: Summary of the expected and observed number of events in the one-
lepton signal regions. In the table, top sim. means the top estimated purely from MC
simulation and top norm. means the top estimation after normalizing the MC samples
to data.

electron channel

meff > 400 GeV meff > 700 GeV meff > 1000 GeV

Data (2.05 fb−1) 127 37 12
SM (top sim.) 99+43

−35 32+13
−11 8.8+3.7

−3.6

SM (top norm.) 100±18 32.4±8.9 8.8±3.0

top (sim.) 87+40
−33 25+12

−10 5.3+3.2
−3.4

top (norm.) 88±17 25±8.8 5.3+3.0
−3.1

W+ jets 4.6+2.9
−2.5 2.6 +1.9

−1.6 0.2+0.8
−0.1

QCD 3.2±1.0 1.6±0.6 1.0±0.5
Others 3.7±3.7 1.4±1.4 0.3±0.3

muon channel

meff > 400 GeV meff > 700 GeV meff > 1000 GeV

Data (2.05 fb−1) 132 31 4
SM (top sim.) 111+53

−45 32+14
−13 7.1+4.1

−3.7

SM (top norm.) 116±26 33.5+9.2
−9.4 7.3+3.7

−3.5

top (sim.) 102+49
−44 28+13

−12 5.5+4.0
−3.7

top (norm.) 107±27 28.8+9.5
−9.6 5.7±3.6

W+jets 4.5+3.2
−2.2 3.2+1.6

−1.6 1.1+0.5
−0.9

QCD 0.9±0.6 0.3±0.3 0.3±0.3
Others 3.5±3.5 1.2±1.2 0.2±0.2

 [GeV]
1

b~
m

100 200 300 400 500 600 700 800 900

C
ro

ss
 s

ec
tio

n 
[p

b]

-310

-210

-110

1

10

210

 [GeV]
1

b~
m

100 200 300 400 500 600 700 800

 [G
eV

]
0 1χ∼

m

0

100

200

300

400

500

600

700

800

-210

-110

1

10

0

1
χ∼ + b → 1b

~
sbottom pair production: xsec(NLO) [pb]

Figure 6.41: Cross-sections of sbottom pair production calculated to NLO accuracy
(left) and generated sbottom pair production samples in the (mb̃1

, mχ̃0
1
) plane (right).

136



highly enhanced by requiring two b-tagged jets. To reduce SM backgrounds (mainly
for the tt̄ process), if there is a third jet with pT > 50 GeV, the event is rejected. To
allow for ISR jets which are possible in sbottom signals, the third jet threshold is set
relatively high.
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Figure 6.42: The distributions of the number of jets (left) and the number of b-tagged
jets from the two leading jets (right) after requiring the jet plus Emiss

T trigger in the
no-lepton channel.

To reduce the QCD di-jet background, selections are made on the min∆φ1,2 defined
by

min∆φ1,2 =
2

min
i=1

∣∣∣φjet
i − φmiss

∣∣∣ . (6.23)

To further reduce the QCD di-jet events remaining after this cut, ∆φ between the
third leading jet and Emiss

T is also used if there is a third leading jet with pT > 30 GeV.
Figure 6.43 (left) shows the min∆φ1,2 distribution after the requirements on two jets
and Emiss

T .
Another cut to reduce QCD background uses the effective mass, defined by the two

leading jets and Emiss
T as follows,

meff = Emiss
T +

2∑
i=1

(
pjet

T

)
i
. (6.24)

A cut is applied on the quantity Emiss
T /meff > 0.25. Figure 6.43 (right) shows the

Emiss
T /meff distribution after the requirements on two jets and Emiss

T .
Finally, to enhance the SUSY signal from the SM backgrounds (mainly the tt̄

process at this stage), the contransverse mass, mCT [101] is used. The contransverse
mass can be used to measure the masses of pair-produced semi-invisibly decaying heavy
particles. It is defined using the two visible particle v1 and v2,

mCT(v1, v2)
2 = [ET(v1) + ET(v2)]

2 − [~pT(v1)− ~pT(v2)]
2 . (6.25)

where ET(v) is the transverse energy defined by

ET(v) =
√
pT(v)2 +m(v)2. (6.26)
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Figure 6.43: The distributions of min∆φ1,2 (left) and Emiss
T /meff (right) after the re-

quirements on two jets and Emiss
T in the no-lepton channel.

Suppose that heavy particles δi (i =1,2) are pair-produced and they decay to vi and
the invisible particle αi. Here, assume each pair δi, αi, vi consists of the same particle
such that

m(δ) = m(δ1) = m(δ2), (6.27)

m(α) = m(α1) = m(α2), (6.28)

m(v) = m(v1) = m(v2). (6.29)

The mCT has an end-point at

mmax
CT (v1, v2) =

m(v)2 +m(δ)2 −m(α)2

m(δ)
. (6.30)

This feature can be used to separate SUSY signal from SM backgrounds. In this
analysis the two leading b-tagged jets are used for the mCT calculation. Figure 6.44
shows the mCT distribution after all other selection cuts.

In the case of sbottom pair production, δ, α, v correspond to sbottom, lightest
neutralino, b-quark, respectively. The end-point of mCT is therefore

mmax
CT (b, b) =

m2
b +m2

b̃1
−m2

χ̃0
1

mb̃1

. (6.31)

For the signal (mb̃1
, mχ̃0

1
)=(250 GeV, 50 GeV), mmax

CT is 240 GeV and for the signal
(mb̃1

, mχ̃0
1
)=(350 GeV, 50 GeV), mmax

CT is 343 GeV.
Applying this calculation to the tt̄ pair process, δ, α, v correspond to top, W ,

b-quark, respectively, and the end-point of mCT then becomes

mmax
CT (b, b) =

m2
b +m2

t −m2
W

mt

= 135 GeV. (6.32)

Therefore, the tt̄ background is reduced sharply at 135 GeV.
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Figure 6.44: The mCT distribution after all other selection cuts for the no-lepton di-jet
channel

If the δ1δ2 center-of-mass (CoM) frame is boosted in the laboratory transverse plane,
the mmax

CT is not Lorentz invariant. Therefore, following Reference [102], a correction is
applied in order to give a conservative value for mCT which is smaller than the mCT

value in the δ1δ2 CoM frame.
The event selection is summarized below.

• lepton veto (pT > 20 GeV for electrons and pT > 10 GeV for muons)

• leading jet pT > 130 GeV

• Emiss
T > 130 GeV

• 2nd leading jet pT > 50 GeV

• 3rd leading jet pT ≤ 50 GeV (if 3rd jet exits)

• min∆φ1,2 > 0.4 rad

• ∆φ(3rd jet− Emiss
T ) > 0.2 rad (if 3rd jet with pT > 30 GeV exits)

• Emiss
T /meff > 0.25

• two leading jets are b-tagged

• optimum mCT cut.

To determine the optimum mCT cut, the discovery significance, defined by Equa-
tion 6.7, is scanned as a function of the mCT cut. Figure 6.45 shows the best mCT cut
for sbottom pair production signals estimated from purely MC simulations. To cover
the grid of signal points, three signal regions, mCT > 100 GeV, mCT > 150 GeV and
mCT > 200 GeV are prepared. The actual cut used in the final analysis is determined
after the completion of the background estimation including uncertainties.
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Figure 6.45: The best mCT cut for sbottom signals in the no-lepton di-jet channel.

6.4.3 SM background estimation

QCD di-jet estimation

Although several cuts are employed to reduce the background from QCD di-jet events,
this background might still contribute to the signal regions. To estimate this contri-
bution, the same technique described in Section 6.2.3 (QCD multi-jet estimation) is
used. The normalization of the smeared samples is obtained in the region defined by
min∆φ1,2 < 0.4 rad. Figure 6.46 (top left) shows the min∆φ1,2 distribution, normal-
izing the smeared samples to data. Other plots in Figures 6.46 are the distributions
of Emiss

T , mCT and leading jet pT in the region min∆φ1,2 < 0.4 rad. The errors shown
are statistical only. Some distribution show the deviations exceeding the statistical
uncertainty but all of them are within relative difference of 50 %.

Since low-mass signal can contribute to this control region, the size of the contribu-
tion is treated as an additional systematic uncertainty. Table 6.19 shows the estimated
number of QCD events in the signal regions along with their systematic uncertainties.

Top estimation

The largest SM background just before the mCT cut is the tt̄ production where one
top quark decays to a tau-lepton with the tau decaying hadronically and where the
other top quark decays hadronically. This background is estimated by Monte Carlo
simulation. To reduce the systematic uncertainty in this estimation, the Monte Carlo
simulated samples are normalized to data in the one-lepton channel because semi-
leptonic tt̄ decays have similar kinematics to the decays contributing to the no-lepton
signal region. The number of events in the signal regions is then estimated by Equation
6.8. Since the SUSY signals considered here do not produce isolated leptons, no signal
contamination is expected in this one-lepton region. Single-top production (mainly
W + t after the selection) which has a topology similar to the tt̄ production is also
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Figure 6.46: The min∆φ1,2 distribution after requiring two b-tagged jets (top left). The
distributions of Emiss

T (top right), mCT (bottom left), leading jet pT (bottom right) in
the region min∆φ1,2 < 0.4 rad.
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Table 6.19: The expected number of QCD di-jet events in the no-lepton two-jet signal
regions estimated by the jet smearing method.

mCT > 100 GeV mCT > 150 GeV mCT > 200 GeV

events 0.1 0.1 0.01

Jet energy scale +100
−0 % +100

−0 % +61
−19 %

b-tagging efficiency +1.6
−2.2 % +1.6

−2.2 % +1.6
−2.2 %

Gaussian correction +10
−9 % +6

−13 % +12
−13 %

Statistics ±61 % ±61 % ±63 %

Uncertainty sum +118
−62 % +128

−63 % +89
−67 %

normalized using this control region.
The event selection for the control region is as follows.

• exactly one tight lepton (pT > 25 GeV for an electron and pT > 20 GeV for a
muon)

• 40 GeV < mT < 100 GeV (mT defined by Equation 6.17)

• leading jet pT > 60 GeV

• 2nd leading jet pT > 50 GeV

• 3rd leading jet pT ≤ 50 GeV

• Emiss
T > 50 GeV

• leading two jets are b-tagged.

Figure 6.47 shows the distributions of Emiss
T and mCT in this control region before

simulated top sample is normalized to data. The errors shown are the sum in quadra-
ture of the JES and b-tagging uncertainties. The expected purity of top events in the
control region, estimated from MC simulation, is 87 % and the normalization factor
obtained for top events is 1.23± 0.04 (stat.) which clearly differs from the unity. This
difference is thought to come from the exclusive requirement of two b-tagged jets in
the two leading jets. Since the tt̄ process tends to be multi-jet final state, this se-
lection cut is highly biased by the modeling of the QCD in simulation. Table 6.20
shows the estimated number of top events in the no-lepton di-jet signal regions. The
larger systematic uncertainties can be seen in the JES uncertainty and the ISR/FSR
uncertainty.
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Figure 6.47: The distributions of Emiss
T (top) and mCT (bottom) in the one-lepton di-jet

control region. The left figures are for the electron channel and the right are for the
muon channel.
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Table 6.20: The estimated number of top events in the no-lepton di-jet signal regions
after normalizing MC simulated samples to data in the one-lepton control region.

mCT > 100 GeV mCT > 150 GeV mCT > 200 GeV

events 27.9 6.2 2.2

Jet energy scale ±17 % +20
−12 % +0

−20 %
b-tagging efficiency +1.1

−8.0 % +4.2
−14 % +7.3

−20 %
ISR/FSR ±20 % ±35 % ±55 %
Generator ±1.8 % ±3.3 % ±2.8 %

Shower modeling ±5.3 % ±13 % ±50 %
Statistics ±3.8 % ±3.8 % ±3.8 %

Electron trigger ±0.2 % ±0.2 % ±0.2 %
Electron reconstruction ±1.6 % ±1.6 % ±1.6 %

Muon trigger ±0.5 % ±0.5 % ±0.5 %
Muon reconstruction ±0.7 % ±0.7 % ±0.7 %

Uncertainty sum +27
−28 % +43

−42 % +75
−80 %

W+jets estimation

The background from the W + bb̄ process is also estimated by normalizing the Monte
Carlo simulation to data in a control region. The control region is defined by the
same selection as used in Section 6.2.3 (W+jets estimation) for the estimation of the
W+jets background. The distributions in this control region are shown in Figure 6.21.
Table 6.21 shows the expected number of events of W+jets process in the signal regions
from the W+jets process.

Z+jets estimation

Z(→ νν̄)+ bb̄ also contribute to the signal regions. It is also estimated by normalizing
Monte Carlo simulated samples to data, using Z(→ l+l−)+bb̄ process in the two-lepton
control region defined as follows.

• exactly two same flavor, tight leptons (opposite charged) with pT > 20 GeV
for electrons and pT > 10 GeV for muons, at least one lepton required to have
pT > 25 GeV for electrons, pT > 20 GeV for muons

• two-lepton invariant mass Mll satisfies 81 GeV < Mll < 101 GeV

• leading jet pT > 80 GeV

• 2nd leading jet pT > 50 GeV

• Emiss
T,ll > 50 GeV (defined by Equation 6.33)
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Table 6.21: The expected number of events ofW+jets in no-lepton di-jet signal regions.
The systematic uncertainties are also shown.

mCT > 100 GeV mCT > 150 GeV mCT > 200 GeV

events 9.7 7.3 2.4

Jet energy scale +7.5
−6.2 % +17

−2.6 % +85
−65 %

b-tagging efficiency +6.2
−8.8 % +6.4

−6.9 % +4.8
−9.4 %

Number of partons +1.6
−1.1 % +3.1

−2.1 % +16
−11 %

Statistics ±3.2 % ±3.2 % ±3.2 %
Electron trigger ±0.2 % ±0.2 % ±0.2 %

Electron reconstruction ±0.8 % ±0.8 % ±0.8 %
Muon trigger ±0.5 % ±0.5 % ±0.5 %

Muon reconstruction ±0.3 % ±0.3 % ±0.3 %

Uncertainty sum +12
−9.5 % +20

−8.0 % +86
−67 %

• leading two jets are b-tagged.

To mimic the Z → νν̄ process, the two identified leptons are added to Emiss
T . This

corrected Emiss
T is calculated by

Emiss
T,ll =

√√√√
∣∣∣∣∣
~Emiss

T +
2∑

i=1

(
~p lep

T

)
i

∣∣∣∣∣

2

. (6.33)

The number of Z+jets events in the signal regions is then estimated by

NSR
Z =

NCR
data −NCR

non-Z

NCR
Z,MC

NSR
Z,MC (6.34)

In this control region, the contribution of tt̄ is also large and the purity of Z+jets is
only 50 % according to the MC simulations while tt̄ contribution is 45 %. To reduce the
systematic uncertainties related to the tt̄ process, the tt̄ MC simulation is normalized
to data in a region defined by inverting Mll cut (41 GeV < Mll < 81 GeV, 101 GeV
< Mll < 141 GeV); in this control region, the purity of the tt̄ is high (90 %). The
normalization factor obtained for the tt̄ MC simulation is 1.17± 0.14 (stat.).

Other SM backgrounds contributing to the Z+jets control region are estimated
using MC simulation, except for the fake-lepton events which are estimated in a data-
driven way as described in Section 6.5.3 (Fake lepton event estimation). The normal-
ization factor finally obtained for Z+jets events is 1.41±0.37 (stat.). Table 6.22 shows
the expected number of Z+jets events in the no-lepton di-jet signal regions. Figures
6.48 show the distributions of mCT and Emiss

T,ll in the two-lepton control region.
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Figure 6.48: The distributions of Emiss
T,ll (top) and mCT (bottom) in the two -lepton

Z+jets control regions. The left figures shows the e-e channel and the right shows the
µ-µ channel.
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Table 6.22: The expected number of Z+jets events in the no-lepton di-jet signal regions,
obtained by normalizing MC simulation to data in the two-lepton control regions.

mCT > 100 GeV mCT > 150 GeV mCT > 200 GeV

events 23 12 3.9

Jet energy scale +33
−0 % +8.8

−2.5 % +3.2
−1.0 %

b-tagging efficiency +4.5
−6.5 % +5.7

−8.2 % +7.9
−11 %

Number of partons +13
−11 % +12

−11 % +14
−2 %

Cross section +4.6
−5.6 % +4.6

−5.6 % +4.6
−5.6 %

Statistics ±33 % ±36 % ±39 %
Electron trigger ±0.2 % ±0.2 % ±0.2 %

Electron reconstruction ±1.6 % ±1.6 % ±1.6 %
Muon trigger ±0.5 % ±0.5 % ±0.5 %

Muon reconstruction ±0.7 % ±0.7 % ±0.7 %

Uncertainty sum +48
−36 % +40

−39 % +43
−41 %

Estimation of other SM backgrounds

The contributions from other SM backgrounds to the no-lepton di-jet signal regions
are small compared to the backgrounds estimated above. They are estimated purely
by Monte Carlo simulation assigning a conservative systematic uncertainty of 100 %.
Table 6.23 shows the expected numbers of events of these other SM backgrounds.

Table 6.23: The expected number of events from other SM backgrounds in the no-
lepton di-jet signal regions.

mCT > 100 GeV mCT > 150 GeV mCT > 200 GeV

WW 0 0 0
WZ 0.5 0.5 0.3
ZZ 0.8 0.8 0.6
tt̄+ bb̄ 0.1 0.02 0.002
tt̄+W 0.04 0.01 0.003
tt̄+ Z 0.09 0.03 0.01

6.4.4 Summary

Table 6.24 shows the expected and observed number of events in the no-lepton di-jet
channel signal regions. Figures 6.49 show the distributions for mCT and Emiss

T just
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before mCT cuts. Since no significant excess can be seen from the SM prediction, the
exclusion limits on the SUSY models are calculated in Chapter 7.

Table 6.24: The expected and observed number of events in the no-lepton di-jet signal
regions.

mCT > 100 GeV mCT > 150 GeV mCT > 200 GeV

Data (2.05 fb−1) 56 28 10
SM 62+17

−12 26.9+6.6
−5.9 9.3±3.2

top 27.9+7.6
−7.9 6.2+2.6

−2.6 2.2+1.6
−1.7

W+jets 9.7+1.2
−0.9 7.3+1.4

−0.6 2.4+2.0
−1.6

Z+jets 23+11
−8 12+4.8

−4.7 3.9+1.7
−1.6

QCD 0.1±0.1 0.1±0.1 0.01±0.01
Others 1.5±1.5 1.3±1.3 0.9±0.9
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Figure 6.49: The distributions of mCT (left) and Emiss
T (right) in the no-lepton di-jet

channel, shown before the mCT cuts.
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6.5 Two-lepton multi-jet channel

As shown in Section 2.2.4, the two-lepton selection is sensitive to the stop pair pro-
duction signals in the light-gravitino, light-higgsino scenario if mχ̃0

1
> mZ .

6.5.1 Benchmark signals

To search for direct stop pair production in the light-gravitino (GMSB-like), light-
higgsino models, benchmark signals are generated following the Natural SUSY scenario
in Reference [14]5. Parameters for the stop sector are as follows.

mq̃3 = mũ3 = −At

2
(6.35)

tan β = 10 (6.36)

The parameters, mq̃3 and µ are scanned to give the desired stop and higgsino masses.
Masses of all other superparticles are set high enough (2 TeV) so that their production
can be ignored.

Figure 6.50 (right) shows the signal points generated in the (mt̃1 , mχ̃0
1
) plane with

these parameters. The cross-section for the stop pair production depends only on the
stop mass as shown in Figure 6.50 (left) and is calculated to NLO accuracy using
PROSPINO [18].
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Figure 6.50: Cross-sections for the stop pair production at NLO accuracy (left). The
stop pair production samples generated for this analysis in the Natural SUSY model
(right).

6.5.2 Optimization of event selection

Event selection is optimized for the above signals as follows.

5This model requires some additional mechanisms which generate an appropriate A-term along
with the gauge mediation mechanism to obtain the mass parameters in Equation 6.35 and 6.36.
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First, events are selected by the single-electron trigger EF e20 medium and the
single-muon trigger EF mu18 (and EF mu18 L1J10) with two leptons (electrons or muons)
with same flavor and opposite charge are selected. The leptons are required to pass
tight identification criteria and have pT > 20 GeV for electrons and pT > 10 GeV for
muons. For the trigger requirements, at least one lepton must satisfy pT > 25 GeV for
electrons and pT > 20 GeV for muons.

Since the two leptons in the signal events come from the decay of the Z boson,
their invariant mass, Mll peaks around Z mass. By selecting the invariant mass in the
range 86 GeV < Mll < 96 GeV, the tt̄ background is reduced. Figure 6.51 (left) shows
the Mll distribution after two opposite charged electrons are selected (the situation is
the same for two-muon selection).

Most Z+light-flavor jet events are rejected by requiring at least one b-tagged jet.
Figure 6.51 (right) shows the distribution of the number of b-tagged jets after two
electrons have been selected.
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Figure 6.51: Monte Carlo simulation of the Mee distribution after an electron-positron
pair is selected (left). The distribution of the number of b-tagged jets after 86 GeV
< Mee < 96 GeV (right).

Since the Z or Higgs boson appearing in the decay of the lightest neutralino has
a large branching ratio to two quarks, stop events will tend to contain multiple jets
in the final state, composed of two b-jets and two additional jets. On the other hand,
the hard process of the tt̄ di-leptonic decay produce only two (b-)quarks. Hence a
cut requiring higher jet multiplicity enhances the stop signal. However, if the mass
difference between the stop and the NLSP is small, b-jets from stop decays become
softer and they cannot exceed the pT threshold. Therefore jet multiplicity cut must be
changed depending on the mass spectrum of the signal. Figure 6.52 (left) shows the
distribution of jet multiplicity for jet pT > 50 GeV for the representative stop signals
and the SM prediction from MC simulation. The signal of (mt̃1 , mχ̃0

1
)=(250 GeV,

100 GeV) which has the larger mass difference has a peak in the number of jets at
two to three. On the other hand, the signal of (mt̃1 , mχ̃0

1
)=(250 GeV, 220 GeV) which

has the smaller mass difference has a peak in the number of jets at one. As a baseline
selection, at least two jets are required and for higher jet multiplicity signals, the
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Table 6.25: Summary of two leptons channel selection

Baseline Large missing ET High jet multiplicity

same flavor, opposite charged two leptons (electron or muon)
86 GeV < Mll < 96 GeV
leading jet pT > 60 GeV

at least one b-tagged jet with pT > 50 GeV
N jet(pT > 50 GeV) ≥ 2 N jet(pT > 50 GeV) ≥ 2 N jet(pT > 50 GeV) ≥ 3

Emiss
T > 50 GeV Emiss

T > 80 GeV Emiss
T > 50 GeV

selection criteria of three jets is prepared.
To reduce the Z+jets background, a cut requiring Emiss

T > 50 GeV is applied.
For the signals with a smaller mass difference between t̃1 and χ̃0

1, a higher Emiss
T cut

is favored. Therefore an additional signal region with Emiss
T > 80 GeV is prepared.

Figure 6.52 shows the Emiss
T distribution after a cut on the two-lepton invariant mass.
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Figure 6.52: The distribution of the number of jets (left) and of Emiss
T (right) after the

cut requiring 86 GeV < Mee < 96 GeV.

In Table 6.25 the above selections are summarized. To cover the broad signal
parameter space, three signal regions are prepared; for each signal point, the signal
significance defined by Equation 6.7 is calculated for an integrated luminosity of 2 fb−1.
Figure 6.53 shows the best signal region giving the largest significance for each signal
point. The actual signal region used is determined after the SM background estimation
with systematic uncertainties.

6.5.3 SM background estimation

Fake-lepton event estimation

One prompt lepton can be produced from the leptonic decay of the W and if an addi-
tional jet mimics a lepton, the event would pass the two-lepton selection. Furthermore,
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Figure 6.53: Choice of the two-lepton signal regions for the stop pair production in the
light-gravitino, light-higgsino model, based on the signal significance for 2 fb−1.

if two jets mimic leptons, QCD di-jet events can also pass the two-lepton selection.
To estimate these backgrounds inclusively, a method similar to that described in Sec-
tion 6.3.3 (QCD multi-jet estimation) is used.

The true composition of two-lepton events is categorized by Nrr, Nrf , Nfr and Nff ,
where the subscripts indicate the true component (r:real, f:fake) of the leading (in pT)
and sub-leading leptons. Events are also categorized by the criteria for lepton as N ll,
N lt, N tl and N tt where the superscripts indicate the criteria (l:loose,t:tight) satisfied
by the leading and sub-leading leptons, respectively. The efficiency that a fake (real)
lepton, which passed the loose selection, also passes the tight cuts is written as εf(r)1

for the leading lepton and εf(r)2 for the sub-leading lepton.
The relationship between these quantities can be written in four equations as fol-

lows,

N ll = N ll
rr +N ll

rf +N ll
fr +N ll

ff

N lt = εr2N
ll
rr + εf2N

ll
rf + εr2N

ll
fr + εf2N

ll
ff

N tl = εr1N
ll
rr + εr1N

ll
rf + εf1N

ll
fr + εf1N

ll
ff

N tt = εr1εr2N
ll
rr + εr1εf2N

ll
rf + εf1εr2N

ll
fr + εf1εf2N

ll
ff

(6.37)

In the matrix form, the equation can be expressed as




N ll

N lt

N tl

N tt


 =




1 1 1 1
εr2 εf2 εr2 εf2

εf1 εf1 εr1 εr1

εr1εr2 εr1εf2 εf1εr2 εf1εf2







N ll
rr

N ll
fr

N ll
rf

N ll
ff


 . (6.38)

By solving these equation for N ll
rr, N

ll
rf , N

ll
fr and N ll

ff , the true components of two-
lepton events in the signal regions can be obtained. These equations are solved event
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by event so that the distributions of each variable for fake-lepton events can be ob-
tained. For the efficiencies εf , εr, the values obtained in Section 6.3.3 (QCD multi-jet
estimation) are used. Table 6.26 shows the estimated number of fake-lepton events in
the two-lepton signal regions.

Table 6.26: The estimated number of fake-lepton events in two lepton signal regions.

e-e channel

Baseline Large missing ET High jet multiplicity

fake lepton sum 2.4 ± 0.9 1.1 ± 0.6 1.0 ± 0.5

fake-fake lepton 0.06 ± 0.04 0.03 ± 0.03 0.003 ± 0.009
fake-real lepton 2.4 ± 0.9 1.1 ± 0.6 1.0 ± 0.5

µ-µ channel
Baseline Large missing ET High jet multiplicity

fake lepton sum 0.00 ± 0.08 0.00 ± 0.07 0.00 ± 0.04

fake-fake lepton (1.4± 0.4)× 10−3 (0.8± 0.2)× 10−3 (0.3± 0.1)× 10−3

fake-real lepton 0± 0.08 0± 0.07 0± 0.04

Top estimation

The number of top events in the signal regions are obtained by normalizing MC sim-
ulated samples to data in a control region defined by inverting the Mll cut (|Mll −
M(Z)| > 10 GeV). Most of the systematic uncertainties associated to MC simulation
can be canceled. When normalizing the tt̄ Monte Carlo to data, the contamination
from other SM backgrounds which peaks at the Z mass in the two-lepton invariant
mass (Z+jets, WZ, ZZ) are subtracted using MC simulation. Fake-lepton events as
described in the previous section are also subtracted.

The contamination from the Z+jets and signal in this control region are found to
be negligible. The low invariant mass region (Mll < 15 GeV) is removed from the tt̄
control region because the Drell/Yan process is simulated only for Mll > 10 GeV in
truth level and furthermore the QCD di-jet background contribution in this region is
expected to be large.

Other process with two real leptons which do not have a Mll peak around Z mass
are also normalized inclusively using this control region. These are single top (main
component is t+W ), tt̄+ bb̄, tt̄+W and WW .

Figures 6.54 show this tt̄ control region for three selections (Baseline, Large missing
ET, High jet multiplicity regions) in the e-e and the µ-µ channels. The normalization
factors obtained in these control regions are shown in Table 6.27. They are all close to
unity.
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Figure 6.54: Mll distributions in the top background control region (15 GeV < Mll <
81 GeV, 101 GeV < Mll) for “Baseline”, “Large missing Emiss

T ”, “High jet multiplicity”
selections from the top to the bottom. The left figures are for the e-e channel and the
right are for the µ-µ channel. The error bars shown are the sum of the JES uncertainty
and the b-tagging efficiency uncertainty.
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Table 6.27: The normalization factors for top MC samples in the Mll cut reversed
region with the statistical errors.

Baseline Large missing Emiss
T High jet multiplicity

e-e channel 0.98 ± 0.07 0.95 ± 0.09 1.01 ± 0.13
µ-µ channel 0.97 ± 0.05 0.98 ± 0.06 1.18 ± 0.10

Table 6.28 shows the estimated top backgrounds in the signal regions together with
their systematic uncertainties.

Z+jets estimation

The Z+bb̄ process is the second largest background, but due to the similar topology to
the signal, it is difficult to separate this background from the lower stop mass signals.
Therefore the background is estimated purely by Monte Carlo simulation. To validate
the Emiss

T distribution of Z+jets Monte Carlo simulation, a region with no b-tagged jets
is checked. Figures 6.55 show the Emiss

T distributions requiring the number of b-tagged
jet to be zero, while keeping other selections the same. The MC simulated Z+jet events
reproduce the distribution of data within the systematic uncertainty.

Table 6.29 shows the estimated number of Z+jets events in the signal regions
and the associated systematic uncertainties. Since the theoretical uncertainty cannot
be constrained from the measurement due to the similarity to the signal process, an
uncertainty of ±100 % is assigned as the theoretical systematic uncertainty for the
conservative estimate. With the increase of the number of associated partons, 24 %
uncertainty is added in quadrature to the theoretical cross section.

Estimation of other SM backgrounds

Other processes with two real leptons which are not included in the above are ZZ,
WZ and tt̄ + Z. After all the selection cuts, these contributions are negligibly small
compared to the main backgrounds and are therefore estimated purely by Monte Carlo
simulation with an conservative uncertainty of 100 %.

6.5.4 Summary

The expected SM background events and observed events in the signal regions are
summarized in Table 6.31. In all signal regions, the expectation and observation agree
within errors. The correlated errors are added linearly and the uncorrelated errors are
added in quadrature. Figures 6.56 show the distributions of Emiss

T and the number of
jets in the signal regions.

This result is used to set limits on stop production in the light-gravitino, light-
higgsino model in Chapter 7.
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Table 6.28: The estimated number of top events in the signal regions and the associated
systematic and statistical uncertainties.

e-e channel

Baseline Large missing ET High jet multiplicity

events 23.9 11.9 6.9

Jet energy scale +0
−6.2 % +0

−8.2 % +0
−5.1 %

b-tagging +0.5
−0.3 % +2.3

−1.5 % +2.8
−2.7 %

Generator ±0.6 % ±2 % ±3.3 %
ISR/FSR ±18 % ±18 % ±31 %
Shower modeling ±1.5 % ±5.4 % ±8.2 %
Statistics ±8.7 % ±12 % ±16 %

Uncertainty sum +20
−21 % +23

−24 % ±37 %

µ-µ channel

Baseline Large missing ET High jet multiplicity

events 40.4 22.9 11.2

Jet energy scale +0.3
−1.3 % +0.4

−1.4 % +8.5
−0 %

b-tagging +0
−0.3 % +0.5

−0.3 % +1.1
−2.1 %

Generator ±4.4 % ±4.1 % ±10.6 %
ISR/FSR ±13 % ±16 % ±19 %
Shower modeling ±4.9 % ±1.6 % ±14 %
Statistics ±6.0 % ±7.8 % ±12 %

Uncertainty sum ±15 % ±19 % +30
−29 %
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Figure 6.55: The Emiss
T distributions in the two-lepton channel, requiring no b-tagged

jets. The top figures show the two-jet selection and the bottom show the three-jet
selection. The left figures are for the e-e channel and the right are for the µ-µ channel.
The Z+jets background is not normalized to data. Error bars shown are the sum of
the JES uncertainty and the b-tagging efficiency uncertainty.
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Table 6.29: The estimated number of Z+jets events in the signal regions and the
associated systematic and statistical uncertainties.

e-e channel

Baseline Large missing ET High jet multiplicity

events 9.0 0.9 4.0

Jet energy scale +28
−7 % +102

−21 % +25
−33 %

b-tagging +18
−14 % +15

−5 % +21
−18 %

Luminosity ±3.7 % ±3.7 % ±3.7 %
Electron trigger ±0.4 % ±0.4 % ±0.4 %
Electron reconstruction ±1.6 % ±1.6 % ±1.6 %
Theory ±100 % ±100 % ±100 %
Number of partons ±38 % ±16 % ±44 %

Uncertainty sum +112
−100 % +145

−100 % +114
−100 %

µ-µ channel

Baseline Large missing ET High jet multiplicity

events 13.2 3.0 5.0

Jet energy scale +21
−2 % +7.5

−2.8 % +47
−13 %

b-tagging +20
−16 % +29

−22 % +27
−19 %

Luminosity ±2.2 % ±2.0 % ±1.6 %
Muon trigger ±1 % ±1 % ±1 %
Muon reconstruction ±0.7 % ±0.7 % ±0.7 %
Theory ±100 % ±100 % ±100 %
Number of partons ±34 % ±38 % ±40 %

Uncertainty sum +110
−100 % +111

−100 % +121
−100 %
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Table 6.30: Expectations for the remaining SM backgrounds in the two-lepton signal
regions.

e-e channel

Baseline Large missing ET High jet multiplicity

ZZ 0.04 0.04 0.03
WZ 0.008 0.008 0
tt̄+ Z 0.4 0.2 0.4

µ-µ channel

Baseline Large missing ET High jet multiplicity

ZZ 0.1 0 0.06
WZ 0 0 0
tt̄+ Z 0.6 0.3 0.5

Table 6.31: The number of observed and expected events in the two-lepton signal
regions

e-e channel

Baseline Large missing ET High jet multiplicity

Data (2.05 fb−1) 39 20 8
SM 35.8+12

−11 14.1+2.5
−2.7 12.2± 5.1

top 23.8+4.7
−4.9 11.9+2.7

−2.9 6.8+2.5
−2.6

Z+jets 9.4+10.6
−9.4 0.9+1.3

−0.9 4.2+4.7
−4.2

fake lepton 2.4±0.9 1.1±0.6 1.0±0.5
Others 0.5± 0.5 0.2± 0.2 0.4± 0.4

µ-µ channel

Baseline Large missing ET High jet multiplicity

Data (2.05 fb−1) 47 23 10
SM 55+17

−16 26.6+4.5
−4.4 17.3+7.6

−6.7

top 40.4± 6.1 22.9± 4.1 11.2± 2.5
Z+jets 14+16

−14 3.3+3.7
−3.3 5.6+6.7

−5.6

fake lepton 0.00±0.08 0.00±0.07 0.00±0.04
Others 0.7± 0.7 0.3± 0.3 0.5± 0.5
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Figure 6.56: The distributions of Emiss
T for the two-jet (top) and for the three-jet

(middle) selection. The distribution of the number of jets after requiring Emiss
T > 50

GeV (bottom). The left figures are for the e-e channel and the right are for the µ-µ
channel.
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Chapter 7

Interpretations and Discussions

In Chapter 6, various searches for stops and sbottoms have been presented. None of
the searches show a significant excess beyond the SM predictions.

Using these results, exclusion limits on the SUSY models are calculated.

7.1 Limit calculation

To set limits on the signal models, a statistical method commonly used in the ATLAS
Collaboration in followed [103].

A frequentist approach is adopted, formulated as follows. The expected number of
events n is

E[n] = µs+ btot (7.1)

where s and btot are the expectations for the number of signal and background events.
The signal contribution is given by the product of intensity parameter µ multiplied
by s. For discovery, we test the background-only hypothesis µ = 0. If there is no
significant evidence against such hypothesis, we set an upper limit on the magnitude
of the intensity parameter.

Suppose that btot consists of N components:

btot =
N∑

i=1

bi. (7.2)

To estimate the expected number of events from background component i, we
construct N control regions, where we make subsidiary measurement mi modeled as
following a Poisson distribution with expectation value

E[mi] = τibi. (7.3)

Here τi is a scale factor that relates the mean number of events that contribute to n
to that of i-th subsidiary measurement.

The likelihood function for the parameters µ and b = (b1, . . . bN) is the product of
Poisson probabilities:

L(µ,b) =
(µs+ btot)

n

n!
e−(µs+btot)

N∏
i=1

τib
mi
i

mi!
e−τibi . (7.4)
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To test a hypothesized value of µ, one computes the profile likelihood ratio

λ(µ) =
L(µ,

ˆ̂
b)

L(µ̂, b̂)
(7.5)

where the double-hat notation refers to the conditional maximum-likelihood estimators
(MLEs) for the given value of µ, and the single hats denote the unconditional MLEs.

For purpose of establishing a one-sided upper limit, we define the test statistic

qµ =

{ −2 lnλ(µ) µ̂ ≤ µ,
0 µ̂ > µ,

(7.6)

The ratio λ(µ) is expected to be close to unity (i.e., qµ is near zero ) if the data are in
good agreement with the hypothesized value of µ.

Suppose the data results in a value of qµ = qobs, then the level of agreement between
the data and hypothesized µ is given by the p-value,

p =

∫ ∞

qobs

f(qµ|µ)dqµ, (7.7)

where f(qµ|µ) is the sampling distribution of qµ under the assumption of µ.
One can define the significance corresponding to a given p-value as the number of

standard deviation Z at which a Gaussian random variable of zero mean would give a
one-sided tail area equal to p. That is, the significance Z is related to the p-value by

p =

∫ ∞

Z

1√
2π
e−x2/2ds = 1− Φ(Z) (7.8)

where Φ is the cumulative distribution for the standard (zero mean, unit variance)
Gaussian. The relation between the p-value and the observed qµ and also with the
significance Z are illustrated in Figure 7.1.

µq

)µ|µf (q

obs q

p- value

x

(x
)

ϕ

Z

p- value

(a) (b)

Figure 7.1: (a) Illustration of the relation between the p-value obtained from an ob-
served value of the test statistic qµ. (b) The standard normal distribution φ(x) =
(1/
√

2π) exp(−x2/2) showing the relation between the significance Z and the p-value.
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7.1.1 CLs method

When excluding signals, the null hypothesis H0 is signal plus background while the
alternative hypothesis H1 is the background only. One may then decide to reject the
hypothesis if the p-value is lower than some threshold. In the classical approach (what
is called the “CLs+b” method), one carries out a standard statistical test of the signal
plus background hypothesis based on its p-value, ps+b. The signal model is regarded
as excluded at a confidence level (CL) of 1− α if one finds

ps+b < α. (7.9)

However, in this approach, one may exclude any signal and even the background itself
if too few candidates are observed to account for the estimated background. To solve
this problem, the CLs method [104, 105] is commonly used. In the CLs method, the
signal plus background hypothesis is rejected if

CLs ≡ ps+b

1− pb

≤ α, (7.10)

where pb is the p-value based on the background-only hypothesis. A value of 95 %
CL is commonly used to set an exclusion limit on signal models; this convention is
also followed in this thesis. A threshold p-value of 0.05 (i.e., 95 % confidence level)
corresponds to Z = 1.64.

7.1.2 Asymptotic formula

Consider a test of the strength parameter µ and suppose the data are distributed
according to a strength parameter µ′. In the large sample, λ(µ) can be given as follows
according to Reference [106],

−2 lnλ(µ) =
(µ− µ̂)2

σ2
+O(1/

√
N) (7.11)

for the case of a single parameter of interest. Here µ̂ follows a Gaussian distribution
with a mean µ′ and standard deviation σ, and N represents the data sample size.

If we neglect theO(1/
√
N), we can write the test statistic for upper limits, Equation

7.6 as

qµ =

{
(µ−µ̂)2

σ2 µ̂ < µ,
0 µ̂ > µ.

(7.12)

The p-value of the hypothesized µ is

pµ = 1− Φ
(√

qµ
)

(7.13)

and therefore the corresponding significance is

Zµ = Φ−1(1− pµ) =
√
qµ. (7.14)

As discussed in Reference [95], this approximation is sufficiently accurate for btot & 10
and is used in all analyses described in this thesis.
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7.2 mSUGRA

Using the result of the no- and one-lepton multi-jet analyses, the exclusion limit on
the mSUGRA model will be calculated.

7.2.1 No-lepton multi-jet channel

First, the exclusion limit is set on the mSUGRA model with tan β = 40, A0 =
−500 GeV and µ > 0 from the result of no-lepton multi-jet analysis described in
Section 6.2. Figures 7.2 show the signal significance calculated from the expected CLs

of each signal point in the no-lepton multi-jet signal regions including uncertainties
on the SM backgrounds and each SUSY signal point. From this distribution, the best
signal region is selected for each signal point.
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Figure 7.2: The signal significance calculated from the expected CLs for the signal
points of the mSUGRA model with tan β = 40, A0 = −500 GeV and µ > 0 in the
no-lepton multi-jet channel.

Figures 7.3 show the expected and the observed exclusion limits at 95 % CL for the
mSUGRA model. The exclusion limit by LEP searching for the lightest chargino [107]
and the exclusion limit by ATLAS using 35 pb−1 data [108] are also shown. In this
analysis, gluino masses of 600 GeV are excluded in all regions and a gluino mass of
990 GeV can be excluded in the best case. Stop masses of 640 GeV are excluded in all
regions.
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Figure 7.3: The expected and the observed exclusion limits at 95 % CL for the
mSUGRA model with tan β = 40, A0 = −500 GeV and µ > 0 using the no-lepton
multi-jet analysis.

7.2.2 One-lepton multi-jet channel

The mSUGRA model with tan β = 40, A0 = −500 GeV, µ > 0 is also used to interpret
the results from the one-lepton multi-jet analysis described in Section 6.3. Figures 7.4
show the signal significance calculated from the expected CLs of each signal point in the
one-lepton multi-jet signal regions including all uncertainties on the SM backgrounds
and each SUSY signal point. From this, the best signal region is selected for each
signal point.

Figure 7.5 shows the expected and observed exclusion limits at 95 % CL for the
mSUGRA model in the one-lepton multi-jet analysis. Compared to the no-lepton
multi-jet analysis, the one-lepton multi-jet analysis is not as sensitive in the large m0

region. A gluino mass up to 950 GeV with a stop mass of 640 GeV is excluded in the
best case. In almost all regions, a stop mass of 600 GeV is excluded.

7.2.3 Combination of the no- and one-lepton multi-jet chan-
nels

The exclusion limit for the mSUGRA model from the no-lepton with multi-jet analysis
and the one-lepton multi-jet analysis are combined. Figure 7.6 shows the expected
and observed exclusion limits with these combination. Since the exclusion limits by
the no-lepton channel is much higher than the one-lepton channel, the contribution of
the one-lepton channel is small.

The result is almost the same as the no-lepton multi-jet channel. Sbottom masses
of 750 GeV, stop masses of 640 GeV and gluino masses of 600 GeV are excluded in all
regions. A gluino mass of 990 GeV is excluded in the best case.

165



 [GeV]0m

500 1000 1500 2000 2500 3000

 [G
eV

]
1/

2
m

100

200

300

400

500

600

0

0.5

1

1.5

2

2.5

3

 significance
s

Expected CL

 > 400 GeVeffm1-lepton, 4-jet, 

 [GeV]0m

500 1000 1500 2000 2500 3000

 [G
eV

]
1/

2
m

100

200

300

400

500

600

0

0.5

1

1.5

2

2.5

3

 significance
s

Expected CL

 > 700 GeVeffm1-lepton, 4-jet, 

 [GeV]0m

500 1000 1500 2000 2500 3000

 [G
eV

]
1/

2
m

100

200

300

400

500

600

0

0.5

1

1.5

2

2.5

3

 significance
s

Expected CL

 > 1000 GeVeffm1-lepton, 4-jet, 

Figure 7.4: The signal significance calculated from the expected CLs for the signal
point in the mSUGRA model with tan β = 40, A0 = −500 GeV and µ > 0 in the
one-lepton multi-jet analysis.
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Figure 7.5: The expected and observed exclusion limits at 95 % CL for the mSUGRA
model with tan β = 40, A0 = −500 GeV and µ > 0 using the one-lepton multi-jet
analysis.
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Figure 7.6: The expected and observed exclusion limits at 95 % CL for the mSUGRA
model with tan β = 40, A0 = −500 GeV and µ > 0 using the combined no-lepton and
one-lepton multi-jet channels. The left figure is with the sbottom mass contours and
the right figure is with the stop mass contours.

From this result, the limits on the naturalness are also calculated. Figure 7.7 shows
the expected and observed exclusion limits for the mSUGRA model with the contours
of tune parameters ∆−1 = m2

h/2µ
2 and ∆′−1 = m2

h/2m
2
Hu
|rad. m2

Hu
|rad is calculated

assuming Mmess = MPl.
A tune parameter ∆−1 > 2 % is excluded at the best case in low m0 region but in

larger m0 region, still large tune parameter regions remain. However, ∆′−1 & 0.3 %
is excluded in all (m0,m1/2) spaces in this model. Therefore, it is difficult to achieve
the naturalness of the Higgs mass considering the current exclusion limits on such
mSUGRA models.
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Figure 7.7: The expected and observed exclusion limits at 95 % CL for the mSUGRA
model with tan β = 40, A0 = −500 GeV and µ > 0 using the combined no-lepton and
one-lepton multi-jet channels with the contours of tune parameters ∆−1 = m2
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2 and
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7.3 Phenomenological g̃ → b̃1b decay model

The results of the no-lepton multi-jet analysis is used to set limits on the phenomeno-
logical g̃ → b̃1 +b decay model. In this model, the gluinos are pair-produced and decay
to the lightest sbottom and bottom quark pair. The decay mode of the sbottom is
fixed to

b̃1 → χ̃0
1 + b. (7.15)

The lightest neutralino is the LSP, denoted by χ̃0
1, whose mass is fixed to 60 GeV.

Sbottom pair production is also included but its contribution to the signal regions
is negligible. This scenario is possible in the MSSM. Figures 7.8 show the generated
signal points and the corresponding cross-sections.

Figures 7.9 show the signal significance calculated from the expected CLs of this
signal in the no-lepton multi-jet signal regions. From this, the best signal region is
selected for each signal point.
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Figure 7.8: The cross-sections for gluino pair and sbottom pair production

Figure 7.10 shows the expected and the observed exclusion limits at 95 % CL for
this signal. The exclusion limit by CDF for the same signal [109], the exclusion limits
by CDF [110] and by D0 [111] for sbottom-pair production are also shown. Gluino
masses of 900 GeV are excluded for sbottom masses up to 700 GeV.

7.4 Phenomenological g̃ → bb̄χ̃0
1 model

The result of the no-lepton multi-jet analysis is also used to set limits on a model in
which the gluino is lighter than the sbottom. Assuming the sbottom is lightest squark,
the gluino decays to bottom quark pair exclusively.

g̃ → b+ b̄+ χ̃0
1 (7.16)

The lightest neutralino is the LSP and the signals are scanned in (mg̃, mχ̃0
1
) space.

This scenario is also possible in the MSSM. Figure 7.11 shows the generated signal
points with their cross-sections.
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Figure 7.9: The signal significance calculated from the expected CLs of the phenomeno-
logical g̃ → b̃1b model in the no-lepton multi-jet signal regions.
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Figure 7.10: The expected and observed exclusion limits at 95 % CL of the phenomeno-
logical g̃ → b̃1b model in the no-lepton multi-jet signal regions.
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Figure 7.11: The generated signal points for the phenomenological g̃ → bb̄χ̃0
1 model,

shown with the associated each cross-section.

Figures 7.12 show the expect signal significances in the no-lepton multi-jet signal
regions for g̃ → bb̄χ̃0

1 signals. The signal region which gives the largest significance is
used to set a limit on each signal point.

Figure 7.13 shows the expected and observed exclusion limits at 95 % CL for the
g̃ → bb̄χ0

1 scenario in the no-lepton multi-jet channel. A gluino mass of 900 GeV is
excluded with the lightest neutralino mass of 0 GeV. A neutralino mass of 300 GeV is
excluded with the gluino mass of 500 GeV < mg̃ < 800 GeV.

7.5 Phenomenological g̃ → t̃t decay model

The result of the one-lepton multi-jet analysis is used to set limits on the phenomeno-
logical g̃ → t̃+t decay model. In this model, gluinos are pair-produced and each gluino
decays to stop and top quark. The decay modes of the gluino daughters are fixed to

t̃1 → χ̃+
1 + b (7.17)

χ̃+
1 → χ̃0

1 +W+∗. (7.18)

The W ∗ boson decays according to the SM background ratio and χ̃0
1 is the LSP. The

masses of χ̃± and χ̃0
1 are fixed to 120 GeV and 60 GeV respectively. Stop pair pro-

duction is also included. The cross-sections for gluino pair and stop pair productions
are shown in Figure 2.1. The production of gluino-stop pair is negligibly small. Figure
7.14 shows the generated signal points with their total cross-sections.

To determine the best signal region for each signal point, the signal significance
is calculated from the expected CLs using the estimated SM backgrounds and each
SUSY signal point including all systematic uncertainties on them. Figure 7.15 shows
this signal significance for each signal region.

Figure 7.16 shows the expected and observed exclusion limits at 95 % CL for this
model using the one-lepton multi-jet results. This result exceeds the ATLAS exclusion
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Figure 7.12: The signal significance calculated from the expected CLs for the signal
points of g̃ → bb̄χ0

1 model in the no-lepton multi-jet signal regions.
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Figure 7.13: The expected and observed exclusion limit for phenomenological g̃ →
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1 model using the no-lepton multi-jet analysis.
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Figure 7.14: The cross-sections for gluino pair and stop pair production

limit from 35 pb−1 of data [108] and excludes a gluino mass up to 630 GeV at maximum
with the lighter stop mass of 420 GeV.

7.5.1 Phenomenological g̃ → tt̄χ̃0
1 model

The result of the one-lepton multi-jet analysis is used to set limits on the phenomeno-
logical g̃ → t+ t̄+χ̃0

1 model. Here assume the stop is heavy and the gluino cannot decay
via g̃ → t̃1 + t mode but the stop is the lightest squark. Therefore the gluino decays
exclusively to a top quark pair exclusively. Figure 7.17 shows the signal significance
calculated from the expected CLs of this model in the one-lepton with multi-jet signal
regions including all uncertainties on the SM backgrounds and each SUSY signal point.

Figure 7.18 shows the expected and observed exclusion limits on this model at 95 %
CL using the best signal region for each point. A gluino mass of 660 GeV is excluded
at χ̃0

1 = 0 GeV and a gluino mass of 600 GeV is excluded at χ̃0
1 = 100 GeV. Since the

stop mass is assumed to be larger than mg̃ −mt, a stop mass of 488 GeV is excluded
indirectly at χ̃0

1 = 0 GeV and 428 GeV at χ̃0
1 = 100 GeV in this model.

7.6 Phenomenological sbottom pair production

As described in Section 6.4.1, one of the interpretation of the no lepton with two b-jets
and Emiss

T topology is the sbottom pair production with b̃1 → b+ χ̃0
1 decay. We will set

the exclusion limit on this model.
Figure 7.19 shows the signal significance calculated from the expected CLs in this

model in the no-lepton di-jet channel. The signal region which gives the best signifi-
cance is used to set the exclusion limit for each signal point.

Figure 7.20 shows the expected and the observed exclusion limits at 95 % CL for
the sbottom pair production signals. The exclusion limits for the same signals by
D0 [111] and CDF [110] are also shown. A sbottom mass of 400 GeV is excluded
with the lightest neutralino mass of 0 GeV and 350 GeV is excluded with the lightest
neutralino mass of 120 GeV.
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Figure 7.15: The signal significances calculated from the expected CLs for the one-
lepton multi-jet signal regions for the phenomenological g̃ → t̃1 + t model.
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Figure 7.16: The expected and observed exclusion limit for phenomenological g̃ → t̃1+t
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Figure 7.17: The expected CLs of phenomenological g̃ → t + t̄ + χ̃0
1 model in the

one-lepton multi-jet signal regions.
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Figure 7.18: The exclusion limits on the phenomenological g̃ → t+ t̄+ χ̃0
1 model at 95

% CL in the one-lepton multi-jet signal regions.
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Figure 7.19: The signal significance calculated form the expected CLs for the sbottom
pair production signals in the no-lepton di-jet channel.
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Figure 7.20: The expected and the observed exclusion limits at 95 % CL for sbottom
pair production signals in the no-lepton di-jet channel.
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7.6.1 Stop pair production in higgsino LSP model

If the stop is light and the other colored SUSY particles are much heavier, the stop pair
production becomes dominant. If the lightest chargino and the lightest neutralino are
higgsino-like, their masses are close. The dominant stop decay process then becomes

t̃1 → b+ χ̃+
1 . (7.19)

The χ̃+
1 decay via

χ̃+
1 → χ̃0

1 + f + f ′ (7.20)

but if f and f ′ are too soft, they cannot be detected. If χ̃0
1 is the LSP, it becomes the

missing energy. The resulting topology is two b-jets and Emiss
T . This is exactly as same

as the sbottom pair production considered above.
Figure 7.21 show the exclusion limits on the two tune parameters ∆−1 ≡ m2

h/2µ
2

and ∆′−1 ≡ m2
h/2m

2
Hu
|rad when this result is interpreted for the stop and the higgsino

masses, assuming Mmess = 10 TeV. The current limits on ∆−1 are not significant. The
limits on ∆′−1 are > 8 % for At = −mt̃ and > 3.5 % for At = −2mt̃ in the best case,
respectively. If Mmess = MPl, the limits on ∆′−1 are tightened by a factor of ≈ 10.
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Figure 7.21: The exclusion limits for stop pair production signals in light higgsino
model with the contours for tuning parameters ∆−1 and ∆′−1. The left figure is for
At = −mt̃ and the right figure is for At = −2mt̃.

7.7 Stop pair production in light-gravitino and light-

higgsino model

From the result of the two-lepton multi-jet analysis described in Section 6.5, exclusion
limits on the stop are calculated in the light-gravitino and light-higgsino model ex-
pected in the Natural SUSY scenario. There have been no dedicated analysis on this
type of signals. Figures 7.22 show the signal significance calculated from the expected
CLs for the stop signals in the different signal regions. The signal region which gives
the best CLs is used for limit setting.
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Figure 7.22: The expected CLs for the stop pair production in the light-gravitino,
light-higgsino model, shown in different signal regions of the two-lepton channel
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Figure 7.23 shows the expected and observed exclusion limits for this model at 95
% CL. If the lightest neutralino is lighter than the Z boson, it dominantly decays to
γ + G̃. Moreover, if mt̃1 < mb + mχ̃0

1
, the stop cannot cannot decay via this mode.

Therefore these parameter spaces are not considered here.
Figure 7.23 shows the expected and observed exclusion limits at 95 % CL on stop

pair production in the light-gravitino, light-higgsino model using the best signal regions
in the two-lepton channel. A stop mass up to 320 GeV is excluded with the lightest
neutralino mass of 180 GeV; a stop mass < 230 GeV is excluded for the region of
mZ < χ̃0

1 < 220 GeV.
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Figure 7.23: The expected and observed exclusion limits for stop pair production in
the GMSB model with a light higgsino.

This result can be interpreted in the naturalness of the Higgs mass. Figures 7.24
show the exclusion limits with the contours of the two tuning parameters ∆−1 ≡
m2

h/2µ
2 and ∆′−1 ≡ m2

h/2m
2
Hu
|rad. The left figure is for At = −mt̃ and the right figure

is for At = −2mt̃. The messenger mass Mmess is assumed to be 10 TeV. The tuning
for ∆−1 . 15 % is excluded with the stop mass of mt̃1 < 250 GeV. For At = −mt̃,
∆′−1 > 11 % is excluded and for At = −2mt̃, ∆′−1 > 4.5 % is excluced in the best case,
respectively. If Mmess = MPl, the limits on ∆′−1 are tightened by a factor of ≈ 10.

7.8 Signal candidate events

In this section, interesting signal candidate events are selected from each channel. They
are likely to be SUSY signals but so far no significant excess is seen in all channels.
Therefore, these events are interpreted in terms of the SM processes.
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Figure 7.24: The exclusion limits for stop pair production in the light-gravitino light-
higgsino model shown with the contours of the tuning parameters ∆−1 and ∆′−1. The
left figure is for At = −mt̃ and the right figure is for At = −2mt̃.

7.8.1 No-lepton multi-jet channel

Figure 7.29 shows the highest meff event in the no-lepton multi-jet channel. Figure
7.25 shows the meff distribution in the no-lepton multi-jet channel encircling this event
by the orange circle.
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Figure 7.25: The meff distribution in the no-lepton multi-jet signal region before meff

cut. The highest meff event in data is encircled by the orange circle.

In this event, there are six jets with pT > 50 GeV and very high meff is due to
the leading jet and Emiss

T . If we interpret this event in terms of the SM processes,
there is only one b-tagged jet satisfying a softer pT; therefore the event is unlikely to
be from the tt̄ process. The fourth leading jet failed the electron identification but it
deposited a large fraction of energy in the EM calorimeter and it has mT = 74 GeV
(the transverse mass calculated with Emiss

T by Equation 6.17) in EM scale which is
consistent with the W boson mass. The other jets in the event do not have these
features. Hence this event is interpreted as the W (→ eν) + bb̄ process.
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7.8.2 One-lepton multi-jet channel

Figure 7.30 and 7.31 show the highestmeff events in the electron and the muon channels.
Figures 7.26 show meff distributions in the one-lepton multi-jet signal region encircling
these events by the orange circles.
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Figure 7.26: The meff distributions in the one-lepton multi-jet channel. The left figure
shows the electron channel and the right figure shows the muon channel. The highest
meff events in each channel are encircled by the orange circles.

In both events, mT exceeds 100 GeV, hence it is most likely to be di-leptonic decay
of the tt̄ production. In the analyses described in this thesis, τ -jets are not positively
identified. No jet passed tight criteria for the τ -jet [112] in the highest meff event in the
electron channel (Figure 7.30). However, the efficiency to identify τ -jets correctly with
this criteria is about 30 % at most. Therefore it is possible that a τ -jet is missed and
that event is from the tt̄ → bb̄e+νeτ

−ν̄τ . Also mCT calculated from the two b-tagged
jet is 120 GeV, which is consistent with the tt̄ interpretation.

In the highest meff event in the muon channel (Figure 7.31), there are no other iso-
lated electron or muon candidates. Moreover, there is only one b-tagged jet. This event
does not look like it comes from the tt̄ process. However, looking at the calorimeter
cells, we notice that the reconstructed leading and sub-leading jets seem to be actu-
ally two jets respectively. Since all of them deposit energy in both EM and hadronic
calorimeters, they are not likely to be an electron. Also they did not pass the τ iden-
tification but if each of these jets were properly reconstructed as separate objects,
they might have passed the τ criteria. Therefore one possibility is that this event is
tt̄→ bb̄µ−νµτ

+ν̄τ .

7.8.3 No-lepton di-jet channel

Figure 7.32 shows the highest mCT(b, b) event in the no-lepton di-jet channel. Figure
7.27 shows the mCT distribution in the no-lepton di-jet channel with the highest mCT

event encircled by the orange circle.
If we interpret this event in terms of the SM processes, since mCT exceeds the 136

GeV, it is unlikely to be from the tt̄ process. There are no lepton candidates. Hence
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Figure 7.27: The mCT distribution in the no-lepton di-jet channel. The highest mCT

event is encircled by the orange circle.

this event can be interpreted as coming from the Z(→ νν̄) + bb̄ process.

7.8.4 Two-lepton multi-jet channel

The event displays of the SUSY signal candidates in the two-lepton multi-jet channel
are shown in Figure 7.33 and 7.34. Figures 7.28 show the Emiss

T distributions in the
two-lepton multi-jet channel, with the highest Emiss

T events encircled by the orange
circle.
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Figure 7.28: The Emiss
T distributions in the two-lepton multi-jet signal region. The left

figure shows the electron channel and the right figure shows the muon channel. The
highest Emiss

T events in data for each channel are encircled by the orange circles.

These are the highest Emiss
T events in the e-e and µ-µ channels respectively. Both

events have the two-lepton invariant mass which is consistent with the Z boson mass.
However, there are two b-tagged jets and they form mCT which is consistent with the
tt̄ process. Since Emiss

T is too large for a Z+jets event, these events can be interpreted
as coming from the di-leptonic decay of tt̄ process.
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pT η φ Energy note

leading jet 626 GeV -0.318 3.010 658 GeV
2nd leading jet 109 GeV 0.171 0.790 112 GeV
3rd leading jet 95 GeV -0.119 -2.552 96 GeV
4th leading jet 94 GeV -0.518 -2.710 107 GeV
5th leading jet 85 GeV -1.451 -1.558 191 GeV
6th leading jet 61 GeV 0.885 0.654 87 GeV b-tagged
7th leading jet 47 GeV 0.819 -0.562 64 GeV EM fraction = 0.988
8th leading jet 25 GeV 2.040 1.779 99 GeV

Emiss
T 611 GeV - -0.029 - meff = 1535 GeV

Figure 7.29: The highest meff event in the no-lepton multi-jet channel.
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pT η φ Energy note

leading jet 730 GeV 0.555 2.709 846 GeV
2nd leading jet 605 GeV -0.369 -1.637 649 GeV
3rd leading jet 212 GeV -0.190 0.418 217 GeV
4th leading jet 176 GeV -0.986 -0.380 270 GeV b-tagged
5th leading jet 128 GeV -0.752 0.418 167 GeV b-tagged

mCT(b, b) = 120 GeV
6th leading jet 100 GeV -0.296 0.979 105 GeV
7th leading jet 53 GeV -0.442 1.539 59 GeV
8th leading jet 48 GeV -0.157 -1.219 49 GeV
9th leading jet 44 GeV -1.713 -1.682 127 GeV
10th leading jet 37 GeV -0.525 -0.331 42 GeV

electron 82 GeV -1.003 0.079 127 GeV mT = 159 GeV, charge> 0

Emiss
T 159 GeV - 1.614 - meff = 2092 GeV

Figure 7.30: The highest meff event in the one-electron multi-jet channel.
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pT η φ Energy note

leading jet 427 GeV -0.791 -1.587 575 GeV
2nd leading jet 368 GeV -0.657 1.456 456 GeV
3rd leading jet 109 GeV 0.834 0.659 150 GeV
4th leading jet 54 GeV -0.000 2.154 54 GeV b-tagged

muon 162 GeV -1.287 -2.043 316 GeV mT = 217 GeV, charge< 0

Emiss
T 81 GeV - 1.763 - meff = 1201 GeV

Figure 7.31: The highest meff event in the one-muon multi-jet channel.
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pT η φ Energy note

leading jet 288 GeV 1.412 0.300 626 GeV b-tagged
2nd leading jet 70 GeV -1.158 0.840 122 GeV b-tagged

mCT(b, b) = 263 GeV
3rd leading jet 41 GeV 1.354 2.724 85 GeV
4th leading jet 25 GeV -1.098 -1.672 42 GeV

Emiss
T 325 GeV - -2.685 -

Figure 7.32: The highest mCT(b, b) event in the no-lepton di-jet channel
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pT η φ Energy note

leading jet 128 GeV 0.197 -2.351 131 GeV
2nd leading jet 114 GeV 0.569 2.906 133 GeV
3rd leading jet 66 GeV -0.594 -2.320 79 GeV b-tagged
4th leading jet 59 GeV -0.802 2.825 80 GeV
5th leading jet 46 GeV -1.133 -1.464 79 GeV b-tagged

mCT(b, b) = 49 GeV
6th leading jet 35 GeV -0.919 1.847 51 GeV

leading electron 54 GeV 0.037 -1.331 54 GeV
2nd leading electron 28 GeV -1.663 0.274 77 GeV Mee = 93.5 GeV

Emiss
T 301 GeV - 0.514 -

Figure 7.33: The highest Emiss
T event in the e-e channel
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pT η φ Energy note

leading jet 92 GeV 0.864 2.157 130 GeV
2nd leading jet 57 GeV -0.866 0.555 81 GeV b-tagged
3rd leading jet 49 GeV -1.060 0.153 80 GeV
4th leading jet 40 GeV 1.538 0.981 97 GeV b-tagged

mCT(b, b) = 27 GeV
5th leading jet 29 GeV 0.754 2.641 37 GeV

leading muon 81 GeV -0.507 2.737 92 GeV
2nd leading muon 38 GeV 0.229 -1.828 39 GeV Mµµ = 93.3 GeV

Emiss
T 149 GeV - -1.466 -

Figure 7.34: The highest Emiss
T event in the µ-µ channel
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Chapter 8

Conclusion

Searches for the stop and sbottom (supersymmetric partners of the top and bottom
quarks) in proton-proton collisions at

√
s = 7 TeV are presented using data with the

integrated luminosity of 2 fb−1 recorded by the ATLAS detector. Generally, the stop
and the sbottom are expected to be lighter than the other colored SUSY particles due
to the large Yukawa coupling. The stop is also required to be light for the naturalness
of the Higgs mass. Four searches described in this thesis are as follows;

• 0-lepton, 1st jet pT > 130 GeV, 4th jet pT > 80 GeV, at least one b-tagged jets,
Emiss

T > 130 GeV and optimum meff cuts,

• 1-lepton, 1st jet pT > 60 GeV, 4th jet pT > 50 GeV, at least one b-tagged jets,
Emiss

T > 80 GeV and optimum meff cuts,

• 0-lepton, 1st jet pT > 130 GeV, 2nd jet pT > 50 GeV, 3rd jet pT ≤ 50 GeV, two
b-tagged jets, Emiss

T > 130 GeV and optimum mCT cuts,

• 2-lepton, 1st jet pT > 60 GeV, 2nd (3rd) jet pT > 50 GeV, Emiss
T > 50(80) GeV

and at least one b-tagged jet.

No significant excess is seen in all searches and the observed numbers of events after
the selection were consistent with the SM prediction. Exclusion limits on the stop and
sbottom masses in the SUSY models were obtained as follows from these results.

• In the mSUGRA model with tan β = 40, A0 = −500 GeV and µ > 0, a stop
mass of 640 GeV is excluded in all (m0,m1/2) spaces at 95 % CL.

• In the phenomenological g̃ → b̃1b decay model, a sbottom mass of 650 GeV is
excluded at 95 % CL as long as a gluino mass is less than 900 GeV.

• In the phenomenological g̃ → t̃1t decay model, a stop mass of 420 GeV is excluded
at 95 % CL as long as a gluino mass is less than 640 GeV.

• In the sbottom pair production b̃1 → b + χ̃0
1 decay model, a sbottom mass of

400 GeV is excluded with mχ̃0
1

= 0 GeV and the sbottom mass of 350 GeV is
excluded with mχ̃0

1
= 120 GeV.
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This result is also interpreted as the stop pair production with t̃1 → b+ χ̃+
1 and

χ̃+
1 → χ̃0

1 + f + f ′ but the lightest chargino and neutralino are degenerated.

• In the stop pair production in the light-gravitino, light-higgsino model, a stop
mass of 230 GeV is excluded as long as mZ < mχ̃0

1
< 220 GeV and a stop mass

of 320 GeV is excluded at mχ̃0
1

= 180 GeV.

If we define the tuning parameter by ∆′−1 ≡ m2
h/2m

2
Hu
|rad, the allowed stop mass

regions by ∆′−1 > 10 % is mt̃1 . 400 GeV for |At| ∼ mt̃ and Mmess = 10 TeV. Therefore
in the models with the stop production from gluino decays, the naturalness of 10 %
is almost excluded within the accessible gluino masses. In the models with stop pair
production, there is still allowed region for the stop mass but the stringent limits have
been set on the naturalness.
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Appendix A

Acronyms

Acronyms used in this thesis.
ATLAS A Troidal LHC ApparatuS
BR Branching Ratio
CL Confidence Level
CMB Cosmic Microwave Background
CoM Center-of-Mass
CR Control Region
CSC Cathode Strip Chamber
EF Event Filter
EM Electro-Magnetic
GMSB Gauge Mediated Supersymmery Breaking
GUT Grand Unified Theory
HEC Hadronic End-cap Calorimeter
ID Inner Detector
ISR Initial State Radiation
L1 Level 1
L2 Level 2
LAr Liquid Argon
LHC Large Hadron Collider
LO Leading Order
LSP Lightest Supersymmetric Particle
MACHO Massive Astrophysical Compact Halo Object
MC Monte Carlo
MDT Monitored Drift Tube
ME Matrix Element
mSUGRA minimal SUper Gravity
MSSM Minimal Supersymmetic Standard Model
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NLL Next-to-leading Log
NLO Next-to-leading Order
NLSP Next-to-Lightest Suppersymmetric Particle
PDF Parton Disribution Function
RoI Region-of-Interest
RMS Root-Mean-Square
RPC Resitive Plate Chamber
QCD Quantum ChromoDynamics
SCT SemiConductor Tracker
SM Standard Model
SR Signal Region
SUGRA SUperGRAvity
SUSY SUperSYmmetry
TGC Thin Gap Chamber
TRT Transition Radiation Tracker
VEV Vacuum Expectation Value
WIMP Weakly Interacting Massive Particle
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[39] T. Sjöstrand, S. Mrenna and P. Skands, PYTHIA 6.4 Physics and Manual ,
JHEP 0605 (2006) 026. arXiv:hep-ph/0603175.

[40] A. Sherstnev and R. S. Thorne, Parton Distributions for LO Generators , Eur.
Phys. J. C55 (2008) 553–575. arXiv:0711.2473 [hep-ph].

[41] S. Frixione and B. R. Webber, Matching NLO QCD computations and parton
shower simulations , JHEP 06 (2002) 029. arXiv:hep-ph/0204244.

[42] S. Frixione, P. Nason and B. R. Webber, Matching NLO QCD and parton
showers in heavy flavor production, JHEP 08 (2003) 007.
arXiv:hep-ph/0305252.

[43] P. M. Nadolski et al., Implications of CTEQ global analysis for collider
observations , Phys. Rev. D 78 (2008) 013004. arXiv:0802.0007v3 [hep-ph].

194

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults


[44] G. Corcella et al., HERWIG 6.5: an event generator for Hadron Emission
Reactions With Interfering Gluons (including supersymmetric processes), JHEP
01 (2001) 010.

[45] G. Corcella et al., HERWIG 6.5 release note, . arXiv:hep-ph/0210213.

[46] J. M. Butterworth, J. R. Forshaw and M. H. Seymour, Multiparton interactions
in photoproduction at HERA, Z. Phys C 72 (1996) 637–646.
arXiv:hep-ph/9601371.

[47] S. Moch and P. Uwer, Heavy-quark pair production at two loops in QCD , Nulc.
Phys. Proc. Suppl. 183 (2008) 75–80. arXiv:0807.2794 [hep-ph].

[48] U. Langenfeld, S. Moch and P. Uwer, ed., New Results for tt̄ Production at
Hadron Colliders. Madrid, Spain, April, 2009. arXiv:0907.2527 [hep-ph],
DESY-09-104, SFB/CPP-09-61, HU-EP-09/31.

[49] N. Kidonakis, NNNL resummation for s-channel single top quark production,
Phys. Rev. D 81 (2011) 054028. arXiv:1001.5034 [hep-ph].

[50] N. Kidonakis, Next-to-next-to-leading-order collinear and soft gluon correctons
for t-channel single top quark production, Phys. Rev. D 83 (2011) 091503.
arXiv:1103.2792 [hep-ph].

[51] N. Kidonakis, Two-loop soft anomalous dimensions for single top quark
associated production with a W - or H-, Phys. Rev. D 82 (2010) 054018.
arXiv:1005.4451 [hep-ph].

[52] M. L. Mangano et al., ALPGEN, a generator for hard multiparton processes in
hadronic collisions , JHEP 07 (2003) 001. arXiv:hep-ph/0206293.

[53] J. Alwall it et al., Comparative study of various algorithms for the merging of
parton showers and matrix elements in hadronic collisions , Eur. Phys. J. C 53
(2008) 473. arXiv:0706.2569 [hep-ph].

[54] J. Butterworth et al., Single Boson and Diboson Production Cross Section in pp
Collisions at

√
s = 7 TeV , tech. rep., CERN, 2010. ATL-COM-PHYS-2010-695.

[55] J. Alwall et al., Comparative study of various algorithms for the merging of
parton showers and matrix elements in hadronic collisions , Eur. Phys. J. C 53
(2008) 473–500. arXiv:0706.2569 [hep-ph].

[56] F. Caola et al., NLO QCD predictions for W + 1 jet and W + 2 jet production
with at least one b-jet at the 7 TeV LHC , tech. rep., Fermilab, 2011.
arXiv:1107.3714 [hep-ph], FERMILAB-PUB-11-325-T, NSF-KITP-11-134.

[57] ATLAS Collaboration, Measurement of the cross-section for b-jets produced in
association with a Z boson at

√
s = 7 TeV with the ATLAS detector , submitted

to Phys. Lett. B (2011) . arXiv:1109.0525 [hep-ex],
CERN-PH-EP-2011-133, ATLAS-STDM-2011-22.

195



[58] J. Alwall, M. Herquest, F. Maltoni, O. Mattelaer and T. Stelzer, MadGraph 5 :
Going Beyond , http://arxiv.org/abs/1106.0522, 2011.
arXiv:1106.0522 [hep-ph].

[59] H. Baer et al., Simulation Supersymmetry with ISAJET 7.0/ISASUSY 1.0 ,
arXiv:hep-ph/9305342v1 (1993) 1–17. http://www.nhn.ou.edu/∼isajet/.

[60] A. Djouadi, M. M. Muhlleitner, M. Spira, Decays of Supersymmetric Particles:
the program SUSY-HIT (SUspect-SdecaY-Hdecay-InTerface), Acta Phys. Polon.
B 38 (2007) 635–644. arXiv:hep-ph/0609292.

[61] M. Bahr et al., HERWIG++ Physics and Manual , Eur. Phys. J. C58 (2008)
639–707. arXiv:0803.0883 [hep-ph].

[62] ATLAS Collaboration, The simulation principle and performance of the
ATLAS fast calorimeter simulation FastCaloSim, tech. rep., CERN, 2010.
ATL-PHYS-PUB-2010-013.

[63] T. Cornelissen et al., Concepts, Design and Implementation of the ATLAS New
Tracking , tech. rep., CERN, 2007. ATL-SOFT-PUB-2007-007.

[64] M. Cacciari, C. P. Salam and G. Soyez, The anti-kt jet clustering algorithm,
JHEP 04 (2008) 063. arXiv:0802:1189 [hep-ph].

[65] M. Cacciari and G. P. Salam, Dispelling the N3 myth for the kt jet-finder ,
Phys. Lett. B 641 (2006) 57–61.

[66] S. Catani, Y. L. Dokshitzer, M. H. Seymour and B. R. Webber,
Longitudinally-invariant kt-clustering algorithms for hadron-hadron collisions ,
Nucl. Phys. B 406 (1993) 187–224. CERN-TH-6775-93.

[67] S. D. Ellis and D. E. Soper, Succesive Combination Jet Algorithm For Hadron
Collision, Phys. Rev. D 48 (1993) 3160–3166. arXiv:hep-ph/9305266.

[68] Y. L. Dokshitzer, G. D. Leder, S. Moretti and B. R. Webber, Better Jet
Clustering Algorithms , JHEP 9708 (1997) 001. arXiv:hep-ph/9707323.

[69] M. Wobisch and T. Wengler, Hadronization Corrections to Jet Cross Sections
in Deep-Inelastic Scattering , in Proceeds of the Workshop on Monte Carlo
Generators for HERA Physics. 1999. arXiv:hep-ph/9907280, PITHA 99/16.

[70] M. Aleksa et al., ATLAS Combined Testbeam: Computation and Validation of
the Electronic Calibration Constatns for the Electromagnetic Calorimeter , tech.
rep., CERN, 2006. ATL-LARG-PUB-2006-003.

[71] ATLAS Collaboration, Readiness of the ATLAS Tile Calorimeter for LHC
collisions , Eur. Phys. J. C 70 (2010) 1193–1236.
arXiv:1007.5423 [physics.ins-det].

196

http://arxiv.org/abs/1106.0522
http://www.nhn.ou.edu/~isajet/


[72] ATLAS Collaboration, Jet energy scale and its sytematic uncertainty in
proton-proton collisions at

√
s = 7 TeV with ATLAS 2010 data, tech. rep.,

CERN, 2011. ATLAS-CONF-2011-032.

[73] ATLAS Collaboration, Determination of the jet energy measurement
uncertainty using photon-jet events in proton-proton collisions at

√
s = 7 TeV ,

tech. rep., CERN, 2011. ATLAS-CONF-2011-031.

[74] ATLAS Collaboration, Measurements of multijet production cross sections in
proton-proton collisions at 7 TeV center-of-mass energy with the ATLAS
Detector , tech. rep., CERN, 2010. ATLAS-CONF-2010-084.

[75] ATLAS Collaboration, Validation of the ATLAS jet energy scale uncertainties
using tracks in proton-proton collisions at

√
s = 7 TeV , tech. rep., CERN,

2011. ATLAS-CONF-2011-067.

[76] ATLAS Collaboration, Close-by Jet Effects on Jet Energy Scale Calibration in
pp Collisions at

√
s = 7 TeV with the ATLAS Detector , tech. rep., CERN,

2011. ATLAS-CONF-2011-062.

[77] ATLAS Collaboration, Measurement of differential cross section and
fragmenation of jets from tracks in proton-proton collisions at center-of-mass
energy

√
s = 7 TeV with the ATLAS detector , tech. rep., CERN, 2010.

ATLAS-CONF-2010-049.

[78] ATLAS Collaboration, Light-quark and Gluon Jets in ATLAS: Calorimeter
Response, Jet Energy Scale Systematics, and Sample Characterization, tech.
rep., CERN, 2011. ATLAS-CONF-2011-053.

[79] ATLAS Collaboration, Expected electron performance in the ATLAS
experiment , tech. rep., CERN, 2011. ATL-PHYS-PUB-2011-006.

[80] W. Lampl et al., Calorimeter Clustering Algorithms: Description and
Performance, tech. rep., CERN, 2008. ATL-LARG-PUB-2008-002.

[81] A. Hocker, P. Speckmayer, J. Stelzer, F. Tegenfeldt and H. Voss, TMVA, toolkit
for multivariate data analysis with ROOT , in PHYSTAT-LHC Workshop on
Statistical Issues for LHC Physics, p. 184, CERN. June, 2007. CERN-2008-001.

[82] ATLAS Collaboration, Expected photon performance in the ATLAS experiment ,
tech. rep., CERN, 2011. ATL-PYHS-PUB-2011-007.

[83] ATLAS Collaboration, Electron performance measurements with the ATLAS
detector using the 2010 LHC proton-proton collision data, submitted to Eur.
Phys. J. C (2011) . CERN-PH-EP-2011-117, arXiv:1110.3174 [hep-ex].

[84] ATALS Collaboration, Expected Performance of the ATLAS experiment:
detector, trigger and physics , tech. rep., CERN, 2008. CERN-OPEN-2008-020.

197



[85] S. Hassai et al., A muon identification and combined reconstruction procedure
for the ATLAS detector at the LHC using the (MUONBOY, STACO, MuTag),
Nucl. Inst. Meth. A 572 (2007) 77–79.

[86] ATLAS Collaboration, Muon reconstruction efficiency in reprocessed 2010 LHC
proton-proton cllision data recorded with the ATLAS detector , tech. rep.,
CERN, 2011. ATLAS-CONF-2011-063.

[87] ATLAS Collaboration, Muon Momentum Resolution in First Pass
Reconstruction of pp Collision Data Recorded by ATLAS in 2010 , tech. rep.,
CERN, 2011. ATLAS-CONF-2011-046.

[88] Combined Muon Performance Public Results , https://twiki.cern.ch/twiki/
bin/view/AtlasPublic/MuonPerformancePublicPlots.

[89] ATLAS Collaboration, Performance of Missing Transverse Momentum
Reconstruction in Proton-Proton Collision at 7 TeV with ATLAS , submitted to
Eur. Phys. J. C (2011) . arXiv:1108.5602 [hep-ex], CERN-PH-EP-2011-114.

[90] ATLAS Collaboration, Commisioning of the ATLAS high-performance
b-tagging algorithms in the 7 TeV collision data, tech. rep., CERN, 2011.
ATLAS-CONF-2011-102.

[91] G. Piacquadio and C. Weiser, A new inclusive secondary vertex algorithm for
b-jet tagging in ATLAS , J.Phys.Conf.Ser. 119 (2008) 032032.

[92] ATLAS Collaboration, Calibrating the b-Tag Efficiency and Mistag Rate in 35
pb−1 of Data with the ATLAS Detector , tech. rep., CERN, 2011.
ATLAS-CONF-2011-089.

[93] ATLAS Collaboration, Data-Quality Requirements and Event Cleaning for Jets
and Missing Transverse Energy Reconstruction with the ATLAS Detector in
Proton-Proton Collisions at a Center-of-Mass Energy of

√
s = 7 TeV , tech.

rep., CERN, 2010. ATLAS-CONF-2010-038.

[94] M. Bosman et al., Weighting method to propagate heavy-flavor tagging
calibrations and related uncertaintes , tech. rep., CERN, 2010.
ATLAS-COM-PHYS-2010-331.

[95] G. Cowan et al., Asymptotic formulae for likelihood-based tests of new physics ,
Eur. Phys. J. C 71 (2011) 1554. arXiv:1007.1727 [physics.data-an].

[96] B. P. Kersevan and E. Richter-Was, The Monte Carlo event generator AcerMC
version 2.0 with interfaces to PYTHiA 6.2 and HERWIG 6.5 , JHEP 06 (2010)
043. arXiv:hep-ph/0405247.

[97] ATLAS Collaboration, Expected Performance of the ATLAS Experiment -
Detector, Trigger and Physics , tech. rep., CERN, 2009.
arXiv:0901.0512 [hep-ex].

198

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/MuonPerformancePublicPlots
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/MuonPerformancePublicPlots


[98] P. Nason, A New Method for Combining NLO QCD with Shower Monte Carlo
Algorithms , JHEP 11 (2004) 040. arXiv:hep-ph/0409146.

[99] S. Owen, Data-driven estimation of the QCD multijet background to SUSY
searches with jets and missing transverse momentum at ATLAS using jet
smearing , tech. rep., CERN, 2011. ATL-COM-PHYS-2011-1066.

[100] ATLAS Collaboration, Measurement of the top quark-pair production cross
section with ATLAS in pp collisions at

√
s = 7 TeV , Eur. Phys. J. C 71 (2011)

1577. arXiv:1012.1792 [hep-ex], CERN-PH-EP-2010-064.

[101] D. R. Tovey, On measuring the masses of pair-produced semi-invisibly decaying
particles at hadron colliders , JHEP 04 (2008) 034.
arXiv:0208.2879 [hep-ph].

[102] G. Polesello and D. R. Tovey, Supersymmetric particle mass measurement with
the boost-corrected contransverse mass , JHEP 04 (2010) 030.
arXiv:0910.0174 [hep-ph].

[103] D. Casadei, Statistical methods used in ATLAS for exclusion and discovery ,
http://arxiv.org/abs/1108.2288, 2011.
arXiv:1108.2288 [physics.data-an].

[104] T. Junk, Confidence Level Computation for Combining Searches with Small
Statistics , Nucl. Instrum. Meth. A 434 (1999) 435–443.
arXiv:hep-ex/9902006.

[105] A. L. Read, Presentation of search results : the CLs technique, J. Phys. G:
Nucl. Part. Phys. 28 (2002) 2693.

[106] A. Wald, Tests of Statistical Hypothesis Concerning Several Parameters When
the Number of Observation is Large, Transactions of the American
Methematical Sociery 54 (1943) 426–482.

[107] LEP SUSY Working Group (ALEPH, DELPHI, L3 and OPAL experiments).
http://lepsusy.web.cern.ch/lepsusy/Welcome.html. Notes
LEPSUSYWG/01-03.1 and 04-01.1.

[108] ATLAS Collaboration, Search for supersymmetry in pp collisions at
√
s = 7

TeV in final states with missing transverse momentum and b-jets , Phys. Lett. B
701 (2011) 396–416. arXiv:1103.4344.

[109] CDF Collaboration, Seqarch for Gluino-Mediated Sbottom Production in pp̄
Collisions at

√
s = 1.96 TeV , Phys. Rev. Lett. 102 (2009) 242002.

arXiv:0903.2618 [hep-ex].

[110] CDF Collaboration, Search for the Production of Scalar Bottom Quarks in pp̄
Collisions at

√
s = 1.96 TeV , Phys. Rev. Lett. 105 (2010) 081802.

arXiv:1005.3600 [hep-ex].

199

http://arxiv.org/abs/1108.2288
http://lepsusy.web.cern.ch/lepsusy/Welcome.html


[111] D0 Collaboration, Search for scalar bottom quarks and third-generation
leptoquarks in pp̄ collisions at

√
s = 1.96 TeV , Phys. Lett. B 693 (2010)

95–101. arXiv:1005.2222 [hep-ex].

[112] ATLAS Collaboration, Performance of the Reconstruction and identification of
Hadronic Tau Decays with ATLAS , tech. rep., CERN, 2011.
ATLAS-CONF-2011-152.

200


