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bereits veröffentlicht.

Freiburg, den 17.04.2013

Michael Rammensee

Publications with own contributions

[1] ATLAS Collaboration, Search for squarks and gluinos using final states with jets and missing
transverse momentum with the ATLAS detector in

√
s = 7 TeV proton–proton collisions, Phys.

Lett. B701 (2011) 186, arXiv:1102.5290 [hep-ex].

[2] ATLAS Collaboration, Search for squarks and gluinos using final states with jets and missing
transverse momentum with the ATLAS detector in

√
s = 7 TeV proton-proton collisions,

ATLAS-CONF-2011-086 , https://cdsweb.cern.ch/record/1356194.

[3] M. Rammensee, Search for Supersymmetry in final states with jets and missing transverse
momentum with the ATLAS detector, Tech. Rep. ATL-PHYS-PROC-2013-045, CERN, Geneva,
Feb, 2013.

[4] ATLAS Collaboration, Search for squarks and gluinos using final states with jets and missing
transverse momentum with the ATLAS detector in

√
s = 7 TeV proton-proton collisions, Phys. Lett.

B710 (2011) 67–85, arXiv:1109.6572 [hep-ex].

[5] ATLAS Collaboration, Search for squarks and gluinos using final states with jets and missing
transverse momentum with the ATLAS detector in

√
s = 7 TeV proton-proton collisions, Phys. Rev.

D87 (2013) 012008, arXiv:1208.0949 [hep-ex].

[6] ATLAS Collaboration, Search for squarks and gluinos with the ATLAS detector using final states
with jets and missing transverse momentum and 5.8 fb−1 of

√
s = 8 TeV proton-proton collision

data, Tech. Rep. ATLAS-CONF-2012-109, CERN, Geneva, Aug, 2012.

[7] M.Rammensee, Search for squarks and gluinos using final states with jets and missing transverse
momentum with the ATLAS detector, 6th Annual Workshop of the Helmholtz Alliance: Physics at
the Terascale, Hamburg, 2012.

i

http://arxiv.org/abs/1102.5290
https://cdsweb.cern.ch/record/1356194
http://arxiv.org/abs/1109.6572
http://arxiv.org/abs/1208.0949


ii

[8] ATLAS Collaboration, Prospects for Supersymmetry and Univeral Extra Dimensions discovery
based on inclusive searches at a 10 TeV centre-of-mass energy with the ATLAS detector, Tech.
Rep. ATL-PHYS-PUB-2009-084, CERN, Geneva, Jul, 2009.

[9] Internal : ATLAS Collaboration, Setting exclusion limits in ATLAS supersymmetry searches with
a likelihood ratio based method, Tech. Rep. ATL-COM-PHYS-2011-004, CERN, Geneva, 2011.

[10] M.Rammensee, Statistische Methoden in Suchen nach R-Parität erhaltender Supersymmetrie mit
dem ATLAS-Detektor, Frühjahrstagung der DPG, Karlsruhe, 2011.
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Chapter 1

Introduction

In the past few decades experimental observations and theoretical considerations converged into a set of
equations and parameters called the Standard Model of particle physics (SM). The SM is a very success-
ful theory of elementary particles and their interactions down to length scales of approximately 10−17 cm
or equivalently up to energies of approximately 1 TeV. The Large Hadron Collider (LHC) [16] probes the
SM in the TeV range. In 2010 and 2011 it collided protons with a center of mass energy of 7 TeV and in
2012 of 8 TeV and is designed to reach up to 14 TeV. The collisions are recorded by several experiments,
one of them being ATLAS [17], which is a multipurpose detector with a forward-backward symmetric
cylindrical geometry and nearly 4π coverage. The recently discovered particle [18, 19] bearing a mass
of approximately 125 GeV seems to be compatible with a standard model Higgs boson and thus would
close the last undiscovered gap of the SM.
If physics beyond the SM manifests at the TeV scale, the LHC may be sensitive to it. In theories including
Supersymmetry (SUSY) new particles may be produced copiously at the LHC. In most phenomenologi-
cal SUSY models the production of supersymmetric particles at the LHC is dominated by squark-squark,
squark-anti-squark, squark-gluino and gluino-gluino pair production. Squarks are the super-partners to
quarks and gluinos the super-partners to the gluons. These particles decay subsequently into the Lightest
Supersymmetric Particle (LSP). Assuming the LSP is stable, it escapes the detector unseen, thus leading
to final states with jets and missing transverse momentum (Emiss

T ).
This thesis covers a set of subsequent analyses by ATLAS in final states with jets and missing transverse
momentum and a veto on leptons which were triggered by the successful data acquisition of the LHC
and ATLAS. The single analyses correspond to integrated luminosities of 35 pb−1 [1], 165 pb−1 [2, 3],
1.04 fb−1 [4] and 4.7 fb−1 [5] at 7 TeV center of mass energy and 5.8 fb−1 [6,7] at 8 TeV center of mass
energy.
Given the cost and the effort put into the LHC experiments it is absolutely mandatory to infer the most in-
formation possible from the data. In this thesis special emphasis is given on the mathematical modelling
of the measurement within the likelihood framework and on hypothesis testing. The search methods for
signatures of supersymmetric particles at this stage of the experiment are optimized for very broad bumps
in Emiss

T based distributions. As the Emiss
T based distributions are prone to a lot of systematic uncertain-

ties, the most robust choice to analyze the data is to define signal regions where counting experiments

1



Chapter 1. Introduction 2

are carried out.
The thesis is structured as follows. The standard model of particle physics is described in Chap. 2 and the
supersymmetric extension to it in Chap. 3. The experimental setup including the LHC and ATLAS are
described in Chap. 4. The signatures of SM and supersymmetric processes in proton-proton collisions
are discussed in Chap. 5. The analysis of the complete data set taken at 7 TeV center of mass energy cor-
responding to a integrated luminosity of 4.7 fb−1 is described in detail in Chap. 6. Within this section the
background estimation technique, hypothesis testing and the impact of the searches on supersymmetric
model parameters are discussed. A summary and outlook is given in Chap. 7.
Tests towards improved analysis models are described in Appendix A. The sensitivity of these searches to
other beyond SM scenarios is exemplified in Appendix B, where an additional interpretation in the con-
text of a minimal universal extra dimensions model is shown. A combination of the analysis described
in the main text requiring a lepton veto and one with a requirement of exactly one lepton is shown in
Appendix C. A search in a dedicated multi-lepton final state is presented in Appendix D.



Chapter 2

The Standard Model of particle physics
(SM)

The particle content of the SM is outlined briefly in Sec. 2.1. A review of the SM is given in Ref. [20].
The theoretical formulation is briefly summarized in Sec. 2.2 and Sec. 2.3, a review is given, e.g., in
Refs. [21, 22]. The chapter closes with a review of the current status of the SM in Sec. 2.4.

2.1 Particle content of the SM

Weak, electromagnetic and the strong interaction are responsible for the forces between particles by
mediating bosonic particles. The SM is a gauge theory with gauge group S U(3)C ⊗ S U(2)L ⊗ U(1)Y .
Fundamental particles are fermions and bosons. The first generation of the fermionic particle content of
the SM is summarized in Fig. 2.1. These are the left chiral quarks (uL, dL) and their anti-particles (ūR, d̄R),
the left chiral neutrinos and electrons (νe,L, eL) and their anti-particles (ν̄e,R, ēR) and the right chiral quarks
and electron (uR, dR, eR) and their anti-particles (ūL, d̄L, ēL). L, R stands for left, respectively right chiral
fermions. Leptons are fermions which interact only electroweakly. Listed are the third component I3,W

of the weak isospin IW connected to SU(2), the weak hyper-charge YW connected to U(1) and the
electric charge Q. They are connected via:

Q = I3,W + YW/2 (2.1)

In SU(3) each quark flavour belongs to the fundamental color representation (3), the anti-quarks to
(3∗) and the gluons to (8). The strong charges associated to these representation are usually denoted
blue(b), red(r) and green(g) for the quarks and anti-blue

(
b̄
)

, anti-red (r̄) and anti-green
(
b̄
)

for the anti-
squarks. The eight independent gluon states can be represented by a set of superpositions (rb̄ + br̄)/

√
2,

−i(rb̄ − br̄)/
√

2, (rḡ + gr̄)/
√

2, −i(rḡ − gr̄)/
√

2, (bḡ + gb̄)/
√

2, −i(bḡ − gb̄)/
√

2, (rr̄ − bb̄)/
√

2 and
−i(rr̄ + gḡ − 2bb̄)/

√
6.

Fermions come in three families with exactly the same quantum numbers as the first generation.
The electron e, the muon µ and the tau τ and their corresponding neutrinos (νe, νµ, ντ) are ordered in
three families. Right chiral neutrinos or left chiral anti-neutrinos may exist as neutrinos do have a mass

3
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Name I3,W YW Q color charge
uL 1/2 1/3 2/3 r,g,b
dL −1/2 1/3 −1/3 r,g,b
νe,L 1/2 -1 0 0
eL −1/2 -1 -1 0
uR 0 4/3 2/3 r,g,b
dR 0 −2/3 −1/3 r,g,b
eR 0 -2 -1 0
ūR -1/2 -1/3 −2/3 r̄, ḡ, b̄
d̄R 1/2 -1/3 1/3 r̄, ḡ, b̄
ν̄e,R -1/2 1 0 0
ēR 1/2 1 1 0
ūL 0 −4/3 −2/3 r̄, ḡ, b̄
d̄L 0 2/3 1/3 r̄, ḡ, b̄
ēL 0 2 1 0

Table 2.1: First generation of fermionic content of the SM, listed are both the particle and anti-particle
sector.

different from zero. Quarks are fermions, which in addition carry the strong charge. The up type quarks
occur as well in three families up, charm and top (u,c,t) and the down type quarks are labelled down,
strange and bottom (d, s, b).

The gauge eigenstates of the electroweak interaction are the W bosons W±, W0 and the B0 boson.
The Higgs particle H0 is the manifestation of a scalar field introduced to the SM to give masses to the
particles via spontaneous symmetry breaking.

The W0 and the B0 mix to fields that can be identified with the mass eigenstates Z and the mass-
less photon γ. Effective mediating particles are the photon γ, the Z boson and the W± bosons for the
electroweak and the gluon g for the strong force. In Tab. 2.2 the masses of the particle of the SM are
summarized. The heaviest particle found to date is the top quark with 172.5 GeV. The massive W± and
Z have masses of 80.4 GeV and 91.2 GeV, respectively. Particle masses are taken from Ref. [20]. The
Higgs particle mass was not measured yet, but a recent observation of a new particle [18, 19] indicates
that its mass could be around 125 GeV.

2.2 Theoretical formulation of the SM

The SM is formulated in the language of Quantum Field theory (QFT). It is based on the principle of
least action and the fundamental symmetries of special relativity and quantum mechanics. In classical
mechanics the trajectory from time t0 to t′ that minimizes the action is identified to be the physical one.
The action A is defined as the integral of a Lagrange densityL which is in general a function of the space
three-vector, the time and its derivative with respect to time. Minimizing the action leads to the equations
of motion. In classical field theory the trajectory is replaced by a ”history” of field configurations. The
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Name mass
γ -

W± 80.4 GeV
Z 91.2 GeV

gluons -
H0 (∼125 GeV)

e±,µ±,τ± 0.51, 105.7, 1776.8 MeV
νe,νµ,ντ < 2 eV

u, c, t ∼ 2.2 MeV, ∼ 1.3 GeV, ∼ 172.5 GeV
d, s, b ∼ 4.7 MeV, ∼ 90 MeV, ∼ 4 GeV

Table 2.2: Masses (or upper limits on masses ) of the particles of the SM.

action can be written as:
A =

∫
L(φ,

∂φ

∂x
)d4x (2.2)

with L being the Lagrangian density or simply Lagrangian and φ being a field.
In quantum mechanics the principle of least action is the same, but trajectories are interpreted in a differ-
ent way, that is as amplitudes of a probabilistic theory. In this sense an amplitude is a complex number
which square represents a probability. A probabilistic amplitude is e.g. − i

~A. A difference to the classical
approach is that all possible amplitudes are summed over, not only the one trajectory which minimizes
the action. The extension to quantum field theory is the same as in classical theories, that is the integral
over the 4D space-time rather than only over time. |i〉 represents the initial state field configuration at
time t0 and | f 〉 represents the final state configuration at time t1. ai stands for the value of the i-th in-
finitesimal cell. The integral of the action sums over all possible field configurations of the values ai in
the infinitesimal cells.
A probabilistic theory can be set up with the help of the path integral formalism. The contribution of a
history (or a set of field configurations leading to | f 〉 at time t1 starting from |i〉 at time t0 ) to the ampli-
tude is assumed to be proportional to e−

i
~A. Thus the total probability amplitude A|i〉→| f 〉 to go from |i〉 to

| f 〉 can be written as:

A|i〉→| f 〉 =
∑

history

e−
i
~

∫
L(φ, ∂φ∂xµ

)d4 x (2.3)

The formalism ensures Lorentz invariance in writing the action in dependence of a Lagrangian. The
Lagrangian terms are given by symmetries and inference from experiments. Possible terms are dependent
on the field φ and its derivatives ∂φ

∂xµ
, e.g. the kinetic terms 1

2 (∂φ∂t )2 and 1
2 ( ∂φ∂xi

)2 with i denoting the space
three vector indices. If φ is a scalar field other possible terms are a mass term 1

2 m2φ2, which can be seen
as a weight of a path in the history and higher order terms containing g3φ

3 or g4φ
4. The g3φ

3 and g4φ
4

term do correspond to 3 or 4 lines either outgoing or in-going, which is sketched in Fig. 2.1.
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Figure 2.1: Sketch of allowed terms for a scalar field φ in a Lagrangian corresponding to 3 or 4 in- or
outgoing lines.

2.3 The SM Lagrangian

Let ψ(x) be a complex field. Local gauge invariance requires that ψ(x) is invariant under the transforma-
tion:

ψ(x)→ ψ(x′) = eiε(x)ψ(x) (2.4)

To fulfill this requirement gauge fields and covariant derivatives are introduced in the theory as described
below.
The SM Lagrangian L can be separated into

L = Lgauge,S U(2)L×U(1)Y +Lhiggs +Lleptons +Lgauge,S U(3)C +Lquarks (2.5)

The single terms are:

• Lgauge,S U(2)L×U(1)Y contains the gauge fields associated to the S U(2)L × U(1)Y symmetry of the
electroweak sector.

Lgauge,S U(2)×U(1) = −
1
4

BµνBµν −
1
4

W j
µνW

j,µν (2.6)

with the Lorentz indices µ and ν. Bµν = ∂µBν−∂νBµ is the abelian field strength tensor correspond-
ing to the U(1)Y symmetry. W i

µν = ∂µW i
ν − ∂νW

i
µ − g2ε

i jkW j
µWk

ν is the non-abelian field strength
tensor corresponding to the S U(2)L symmetry and g2 is the respective structure constant.

• Lhiggs consist of the dynamical and the mass term of the Higgs sector.

Lhiggs = (Dµφ)†(Dµφ) + µ2
hφ
†φ −

λ

4
(φ†φ)2 (2.7)

with φ being a two component complex scalar field. By convention φ is chosen to be φ =

φ+

φ0

.
The covariant derivative Dµ = ∂µ + ig1

2 YW Bµ + ig2
2 σ

iW i
µ working on φ with g1 being the structure

constant of U(1). YW is the hypercharge from Eq. 2.1 and σi are the Pauli matrices1. (Dµφ)†(Dµφ)

1The Pauli matrices σi are σ = (σ0, σ1, σ2, σ3) =

(
1 0
0 1

)
,

(
0 1
1 0

)
,

(
0 −i
i 0

)
,

(
1 0
0 −1

)
and σ̃ = (σ0,−σ1,−σ2,−σ3)
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is the dynamical term with † indicating the hermitian conjugate. µh is the higgs mass parameter
and λ > 0 the higgs self coupling parameter. For µ2

h < 0 the minimum of the potential is at

φ =

0
v

 with the vacuum expectation value(vev) v =

√
−µ2

h
λ . The non zero vacuum expectation

value induces spontaneous symmetry breaking of the electroweak group S U(2)L × U(1)Y to the
electromagnetic group U(1)EM. φ can be written in terms of the vev, the Higgs boson H and the
goldstone modes φ1,2,3.

φ =

 φ1 + iφ2

v + H + iφ3

 (2.8)

The three goldstone modes are absorbed into the massive gauge bosons W± and Z. The masses of
the massive gauge bosons, the coupling constants and the vev are connected via:

MW

MZ
= cos(θW) (2.9)

with θW being the weak mixing angle θW = arctan(g1
g2

)

• Lleptons holds the dynamical Lleptons,dyn and the mass terms Lleptons,mass of the leptons.

Lleptons = Lleptons,dyn +Lleptons,mass (2.10)

Fermions can be represented by left or right chiral two-component Weyl spinors, e.g eL and eR

denoting the left and right handed electron, respectively.

Lleptons,dyn =
∑

a∈e,µ,τ

L̄a
Lσ̃

µiDµLa,T
L +

∑
a∈e,µ,τ

Ēa
Rσ

µiDµEa
R + (h.c.) (2.11)

with La
L = (νe,L, eL), (νµ,L, µL), (ντ,L, τL) being the lepton doublets describing the left chiral neu-

trinos νe,L, νµ,L, ντ,L and left chiral eL, µL, τL -leptons (T indicates the transponent vectors) and
Ea

R ∈ (eR, µR, τR) the right chiral eR, µR, τR -leptons. The La
L transform according to the representa-

tion La
L(1, 2)−1that is (1) under S U(3)C , (2) under S U(2)L and −1 under U(1)Y . The Ea

R transform
according to the representation Ea

R
(1, 1)−2 .

The difference of left chiral to right chiral fields manifests in the covariant derivate. While the left
chiral leptons transform under S U(2)L × U(1)Y :

DµLa
L = (∂µ + i

g1

2
YW Bµ + i

g2

2
σiW i

µ)La
L (2.12)

the right chiral fields only transform under U(1)Y :

DµEa
R = (∂µ + i

g1

2
YW Bµ)Ea

R (2.13)
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Leptons acquire masses through the Yukawa interaction of the scalar field φ and the lepton field.

Lleptons,mass =
∑

a,b∈e,µ,τ

ya,b
e L̄a

Lφeb
R + (h.c.) (2.14)

with ya,b
e being the Yukawa coupling constants.

• Lgauge,S U(3)C contains the gauge fields associated to the S U(3)C color symmetry of the strong
sector.

Lgauge,S U(3)C = −
1
4

∑
a∈1..8

Ga
µνG

a,µν (2.15)

G is the spin 1 gluon field. Ga
µν = ∂µGa

ν − ∂νG
a
µ − igs f abcGb

µG
c
ν is the non-abelian field strength

tensor corresponding to the S U(3)C symmetry and gs the coupling constant. f abc are the structure
constants of the S U(3)C and a, b and c are running over the 8 gluon states.

• Lquarks contains the dynamical and mass terms of the quarks.

Lquarks = Lquarks,dyn +Lquarks,mass (2.16)

Let f denote the flavor states and α the color states of the quarks. The dynamical term is given by

Lquarks,dyn =
∑
f ,α

Q̄ f ,α
L σ̃µiDµQ f ,α,T

L + Ū f ,α
R σµiDµD f ,α

R + D̄ f ,α
R σµiDµD f ,α

R (2.17)

with QL containing the left chiral quark content and UR and DR the right chiral quark content. The
QL transform according to the representation QL(3, 2)+ 1

3
, the right handed quarks fields according

to UR(3, 1)+ 4
3

and DR(3, 1)− 2
3
, respectively. The covariant derivatives working on QL take the form

DµQL = (∂µ + i
g1

2
YW Bµ + i

g2

2
σiW i

µ + igsT aGa
µ)QL (2.18)

with T a being the generators of S U(3)C . As the right handed fields transform trivially under
S U(2)L the covariant derivate working on the right handed parts DR and UR is given by:

Dµ(DR,UR) = (∂µ + i
g1

2
YW Bµ + igsTAGA

µ )(DR,UR) (2.19)

The quark masses are given by

Lquarks,mass =
∑

a,b∈ f amily

ya,b
d Q̄

′a
L φD

′b
R + ya,b

u Q̄
′a
L φ̃U

′b
R + (h.c.) (2.20)

with ya,b
d , ya,b

u being the Yukawa coupling constants. The indices a,b are running over the three
family indices as in Eq. 2.14. The primes (’) indicate the weak eigenstates.
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The quarks underly the strong and the electroweak force. In the Lagrange density above the strong
eigenstates and the weak eigenstates are distinguished. They turned out to be different by experimental
observations. The transformation between both can be achieved with the help of the CKM matrix VCKM.

VCKM =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 =


0.97425 ± 0.00022 0.2252 ± 0.0009 (3.89 ± 0.44) × 103.

0.230 ± 0.011 1.023 ± 0.036 (40.6 ± 1.3) × 103

(8.4 ± 0.6) × 103 (38.7 ± 2.1) × 103 0.89 ± 0.07

 (2.21)

The observed values are all taken from the PDG [20]. VCKM can be described by four independent
observables, that are three mixing angles and one phase factor.

2.4 Status of the SM

Besides the parameters of the mechanism to include massive neutrinos there are 18 free parameters in
the SM which are not explained by a deeper theory, their values are obtained by measurements. These
are nine fermion masses, three mixing angles and one phase of the CKM matrix, the coupling constants
of the electromagnetic, weak and strong interactions and the quadratic and quartic couplings parameters
µ and λ of the Higgs sector. Fitting electroweak precision observables to all experimental observations
to date [23, 24] gives information on how well the SM is consistent with the data. The most recent fit to
the data including the potential Higgs particle of mass ∼125 GeV yields a p-value of 0.07 [25]. However
most of this small discrepancy does not origin from the measurement of the potential Higgs particle. The
parameters with the largest pulls between the best fit and the data are the forward backward asymmetry
parameter for b-quarks A0,b

FB with 2.5 σ, the partial Z-width ratio for b-quarks R0
b with -2.4 σ and the

lepton asymmetry parameter A measured by the SLD collaboration Al(S LD) with -1.9 σ. There are
some further open issues in the SM which are as follows.

• The anomalous magnetic moment of the muon shows a ∼ 3σ deviation between measurement and
prediction [26] . This variable is sensitive to new physics beyond the SM, e.g. SUSY.

• Neutrinos are massless in the SM, but experiments showed that this is not the case. Beta decay
spectra give a upper limit on the neutrino masses as listed in Tab. 2.2. Neutrino oscillation ob-
servations however indicate that their mass must be different from 0. Therefore the SM must be
extended by a formalism that gives neutrino masses.

• In principle there are terms in the QCD Lagrangian allowed that violate CP symmetry. They can
be expressed in dependence of an angle θQCD which is different from 0 in case of CP-violation.
However, there is no CP violation observed in the QCD sector which introduces the so called
strong CP problem.

• Gravity is not included in the SM. Attempts to construct a renormalizable theory including Gravity
and the SM were not succesful so far.
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• Dark matter is not explained by the SM. Experimental observation implies that there must be a
component of dark matter and dark energy in the universe. There is no particle in the SM that can
fulfil the dark matter density criterion.



Chapter 3

The supersymmetric extension to the SM

A first attempt to link half-integer spin particles and integer spin particles in particle physics was made in
Ref. [27]. An algebra to describe the observed particles to date was developed, thus baryons and mesons
were grouped into a representation. To achieve this a Baryon number changing operator was introduced
which can be seen as a first attempt to connect half-integer spin particles to integer spin particles. Ask-
ing more fundamentally the authors of Ref. [28] discussed an extension to the Poincare symmetry or a
higher degree of symmetry. They extended the algebra of the Poincare group by additional generators
of ”spinor translations”. Their analysis of this algebra showed that parity is not conserved. In the de-
velopment of string theory a two dimensional supersymmetry was introduced in Refs. [29–32]. A major
development towards state-of-the-art supersymmetric theories has been published in Ref. [33,34], where
a four dimensional theory emerged together with a proposal for a Lagrangian behaving invariant under
”super-gauge” transformations. They showed that the proposed model is renormalizable and massive
particles are allowed.
A short introduction to SUSY is given in Sec. 3.1. The minimal realization of a theory with SUSY
is discussed in Sec. 3.2. The chapter closes with Sec. 3.3 listing some properties of models including
SUSY.

3.1 Introduction to supersymmetry

An introduction to SUSY is given, e.g., in Refs. [35–37]. Supersymmetry relates fermions to bosons
and vice versa. The generators of the symmetry Q,Q† turn bosonic states |b〉 into fermion states | f 〉 and
fermion states into bosonic states [35].

Q |b >→ | f 〉

Q† | f 〉 → |b〉
(3.1)

Q,Q† and can be expressed in annihilation and creation operators of fermions c and c† and bosons a
and a†. Simple versions of the operators Q and Q† could take the form Q ∼ a†c and Q† ∼ c†a.
The algebra part describing space time symmetries of the SM is given by the generators of special
relativity (or Lorentz symmetry) M and the generators of translations P and its commutation relations.

11
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Adding to this algebra the commutation relation (with spinor indices suppressed)

{Q,Q†} = Pµ (3.2)

with Q,Q† being two component spinors a closed ”super-algebra” can be defined. This algebra extends
the normal space time symmetries.
It turned out that theories including supersymmetry can be described by expanding the space-time coordi-
nates with Grassman numbers θ, θ̄ describing the supersymmetric transformations [38]. The Lagrangian
is replaced by a Super-Lagrangian. The Super-Lagrangian depends on θ and θ̄ and their derivatives.
Super-fields φ(x, θ, θ̄) have to be introduced. Chiral super-fields obey the constraint

D†φ(x, θ, θ̄) = 0 (3.3)

It can be shown that a chiral super-field φ takes then the form:

φ = φ(x
′

) +
√

(2)θψ(x
′

) + θ̄θF(x
′

) (3.4)

with φ being a complex scalar field, ψ a two-component Weyl fermion field and F an auxiliary field.
x
′

are shifted space time coordinates depending on θ and θ̄. The action A expands to an integral over x, θ
and θ̄.

A =

∫
L(x, θ, θ̄)dx4dθdθ̄ (3.5)

In a chiral theory the action takes again the form A =
∫
L(x, ∂

∂xµ
)dx4 after integration over θ and θ̄.

Within this framework it is possible to order the SM particles and their potential supersymmetric parti-
cles into super-mulitplets. A super-multiplet can be described by a chiral super-field.

3.2 The Minimal Supersymmetric Standard Model (MSSM)

The Minimal Super-Symmetric Model(MSSM) [39–43] is constructed so that the minimal number of
particles occur. The Super-Lagrangian is discussed in Sec. 3.2.1. A quantum number to conserve lep-
ton and baryon numbers, called R-Parity is introduced in Sec. 3.2.2. Terms leading to supersymmetry
breaking are discussed in Sec. 3.2.3 and the particle content of the MSSM in Sec. 3.2.4.

3.2.1 Lagrangian

Let Q, U, D, L and E be the matter fields of Sec. 2.3 with all color, family and chirality indexes sup-
pressed. These are part of the chiral super-fields Q̃, Ũ, D̃, L̃ and Ẽ belonging to chiral super-multiplets
each containing the SM matter particles with spin 1

2 and the super-partners to them with spin 0. Super-
symmetric partners to the SM particles are marked with a tilde, their anti-particles are marked with a
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tilde and a star(*). For example the super-field L̃e,L containing the left handed electron eL and its super-
partner the left selectron ẽL can be written as L̃e,L = ẽL +

√
2θeL+ ...

The super-potential of the MSSM in the Super-Lagrangian SL is:

SLpot =
∑
a,b

−ya,b
d Q̃a

Hd D̃b
+ ya,b

u Q̃a
HuŨb

− ya,b
e L̃a

Hd Ẽb
+ (h.c.) (3.6)

with Hu =

H+
u

H0
u

 and Hd =

H0
d

H−d

 after the Higgs mechanism. It is possible to chose Hu = 1√
2

 0
v1


and Hd = 1√

2

v2

0

 with v1 and v2 being two independent vacuum expectation values. The corresponding

term in the Super-Lagrangian is

SLHiggs = µHuHd (3.7)

3.2.2 R-Parity

The introduction of an addidtional Z2 symmetry, called R-Parity R [39–43] suppresses terms in the
Lagrangian inducing baryon and lepton number violation. As these terms would lead to rapid proton
decay R-Parity was introduced to stabilize the proton in supersymmetric theories. R is defined as

R = (−1)3(B−L)+2s (3.8)

with B being the Baryon number, L the Lepton number and the spin s. The quantum number R
distinguishes between supersymmetric and SM particles. Supersymmetric particles carry R=-1 and SM
particles R=1. This implies that supersymmetric particles are produced in pairs. The R-Parity assumption
has a large impact on the topology of signatures from supersymmetric particles at the LHC. If R-Parity
is violated signatures of supersymmetric particles may not be accessible with hadron colliders as was
pointed out in, e.g. Ref. [44].

3.2.3 Supersymmetry breaking in the MSSM

If SUSY would be unbroken then superpartners to all SM particles must exist with the same mass. This
have not been observed and therefore SUSY must be broken at a higher energy scale. In contrast to
the spontaneous symmetry breaking mechanism in the SM induced by the form of the potential and the
choice of parameters in the Higgs sector symmetry breaking in supersymmetry is more complex. Sev-
eral mechanism were proposed among them, e.g., gravity or gauge mediated supersymmetry breaking.
However for phenomenological considerations it is sufficient to induce supersymmetry breaking by in-
troducing additional terms into the super-Lagrangian. In the MSSM the so called soft supersymmetry
breaking terms including the gaugino masses take the form

SLso f t = −
1
2

(M3g̃g̃ + M2W̃W̃ + M1B̃B̃ + c.c.) + ... (3.9)
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Names spin 0 spin 1
2 spin 1 spin 3

2 spin 2

quarks, squarks(3 families)
(
∼

uL
∼

dL) (uL dL)
∼

uR uR
∼

dR dR

leptons, sleptons(3 families)
(
∼
eL
∼
ν) (eL ν)

∼
eR eR

higgs, higgsinos
(H+

u H0
u) (

∼

H+
u

∼

H0
u)

(H0
d H−d ) (

∼

H0
d

∼

H−d )

gluon, gluino
∼
g g

W, wino
∼

W±,
∼

W0 W±, W0

B, Bino
∼

B0 B0

Table 3.1: Gauge Eigenstates of the MSSM super-multiplets. Particles of the SM are highlighted with
bold letters.

with g̃, W̃ and B̃ describing the gluino, wino and bino, respectively. M3,M2 and M1 are the gluino,
wino and bino mass parameters.
The following terms are similar to the Yukawa mass terms in the SM Lagrangian, but with the fermion
fields replaced by the corresponding scalar fields:

.. + aa,b
d Q̃a,†HdD̃b + aa,b

u Q̃a,†HuUb − aa,b
e L̃a,†HdEb + c.c.) + ... (3.10)

The trilinear couplings ad, au, ae are 3 × 3 matrices.
The ”usual” mass terms for scalar fields (like in the SM Higgs sector proportional to (scalar)2 ) are

... + m2
Q

Q̃†Q̃ + m2
UŨ†Ũ + m2

DD̃†D̃ + m2
LL̃†L̃ + m2

EẼ†Ẽ + ... (3.11)

with m2
Q
,m2

U
,m2

D
,m2

L
,m2

E
being the mass matrices of the squarks.

The soft supersymmetry breaking terms are completed by

.. + m2
Hu

H∗uHu + m2
Hd

H∗dHd + (bHdHu + c.c.) (3.12)

with m2
Hu

, m2
Hd

and b being Higgs mass parameters.

3.2.4 Particle content of the MSSM

In Tab. 3.1 the gauge eigenstates for the MSSM are summarized. There are four Higgs eigenstates H+
u ,

H0
u , H0

d and H−d . All particles have also antiparticles, which have opposite charge, but same mass and
spin.
The super-partners to quarks with spin 1

2 are scalar quarks with spin 0. Scalar leptons are super-partners
to leptons.



Chapter 3. Supersymmetry 15

Names spin 0 spin 1
2

squarks

∼
uL,R,

∼

dL,R
∼
cL,R,

∼
sL,R

∼

b1,2,
∼
t1,2

sleptons

∼
eL,R,

∼
νe

∼
µL,R,

∼
νµ

∼
τ1,2,

∼
ντ

Higgs h0,H0 , A0 and H±

gluino
∼
g

neutralino χ̃0
1 , χ̃0

2 , χ̃0
3 , χ̃0

4

chargino χ̃±1 , χ̃±2

Table 3.2: Mass eigenstates of the MSSM supersymmetric particles.

The mass eigenstates are summarized in Tab. 3.2. The super-partners of the Higgs particles and
those of the gauge particles mix and form mass eigenstates, called neutralinos χ̃0

i and charginos
∼

Ci.

The uncharged sparticles
∼

H0
d ,

∼

H0
u ,
∼

B0 and
∼

W0 form the neutral eigenstates χ̃0
1 , χ̃0

2 , χ̃0
3 and χ̃0

4 . The

charged sparticles
∼

W±,
∼

H+
u and

∼

H−d form the charged eigenstates χ̃±1 and χ̃±2 . Their order ”i” is usually
determined by their masses. Usually χ̃0

1 is the Lightest Supersymmetric Particle (LSP) and therefore
important for collider physics as it will not deposit energy in a detector and give large contributions to
the missing transverse energy. After electroweak symmetry breaking it turns out that there are 5 higgs
mass eigenstates h0, H0 , A0 and H±. If one assumes that mixing between the first two families of scalar
fermions are negligible, their gauge and mass eigenstates are the same. The sbottom, stops and stau
gauge eigenstates are mixing each into two mass eigenstates.

3.2.5 Constrained MSSM (CMSSM)

In the CMSSM the mass spectrum is determined by only five parameters. The gaugino masses are
assumed to be equal at the GUT energy scale: M1 = M2 = M3 = m1/2. The same assumption is made
for the scalar masses: m2

Q = m2
U = m2

D = m2
L = m2

E = m2
Hu

= m2
Hd

= m2
0. A0 fixes the trilinear couplings

to the Yukawa couplings with e.g. aQ = A0yQ.
The mass spectrum is thus determined by the parameters m0, m1/2, A0, tan(β) = v1

v2 and sign(µ).
sign(µ) is the sign of the Higgs mass parameter.

3.3 Properties of supersymmetric models

In the calculation of the SM Higgs boson mass some parameters must be tuned to have a relatively
light boson (as observed at ∼125 GeV). The mass of the Higgs boson is sensitive to physics above
the electroweak scale via loop contributions [45–48]. Without further fine tuning a light Higgs boson
is only possible if there are no further loop corrections above the electroweak energy scale or by a
cancellation effect. SUSY provides such a cancellation effect [43, 49–53], but as SUSY must be broken
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the cancellation is not perfect. If supersymmetric particles have masses around the TeV scale, they will be
observable at the LHC. The larger the masses of the supersymmetric particles the worse the cancellation
effect gets, leading to another but reduced hierarchy problem. However supersymmetric theories have
more properties that make them worth being tested at the LHC, these are:

• Towards unification

In the MSSM it is possible for the coupling constants of the electroweak and strong forces to unify
at an energy scale well below the Planck energy scale [52, 54–61]. In a scenario with no new
physics other than MSSM-like supersymmetry between the TeV energy scale and the Planck en-
ergy scale, the coupling constant unify right below the Planck scale. The running of the couplings
is shown in Fig. 3.1.

Figure 3.1: Group evolution of the coupling constants from Ref. [35]. The black dotted lines indicate
the behavior in the SM and the red and blue lines the behavior in the MSSM under changing conditions
of the particle masses, αS and two-loop corrections.

• Dark Matter

The most recent measurement of the cold dark matter density of WMAP [62] yields ΩCDMh2 =

0.1334 ± 0.0056. A cold dark matter particle candidate arises in SUSY quite naturally if one
assumes in addition a conservation number for supersymmetric particles (R-Parity) [63, 64]. The
LSP is a cold dark matter candidate as it is a neutral weakly interacting particle.

• Similarities to other BSM models

Especially the R-Parity assumption shows similarities to other beyond SM models. Any theory
which introduces a Z2-Parity which distinguishes between SM and beyond SM particles has the
effect that the lightest stable particle in the theory serves as dark matter candidate and the beyond
SM particles are produced in pairs at the LHC. In collider physics this leads to typical SUSY
signatures including large Emiss

T and potentially jets, either from decay chains or from initial and
final state radiation. The unified extra dimensions model [65–67] is such a szenario in which the
lightest Kaluza-Klein particle is stable and serves as dark matter candidate. The main difference
of this model to supersymmetric models is the spin of the BSM particles.
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The Large Hadron Collider(LHC) and the
ATLAS Detector

4.1 The LHC

Figure 4.1: The Large Hadron Collider, picture from http://www.atlas.ch

The Large Hadron Collider (LHC) [16] is a ring with roughly 27 km circumference, in which pro-
tons or heavy-ions are circulated and is located approximately 100 m below the surface near to Geneva
in Switzerland. Four main detectors are installed at interaction points around the circle, which is shown
in Fig. 4.2. ATLAS and CMS are multi purpose detectors, whereas LHC-B is targeted at B-physics and
Alice at heavy ion physics.
Before the injection to the LHC protons are accelerated in several experiments as depicted in Fig. 4.1.
From the proton source the protons are first accelerated linearly by a radio frequency quadrupole then

17
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Figure 4.2: The Large Hadron Collider injection chain, picture from http://bigscience.web.cern.ch.

they are injected to the Linac2 accelerator where they gain energy up to 50 MeV. In the circular pro-
ton synchrotron booster they get further accelerated up to 1.4 GeV. They are then injected to the Proton
Synchrotron (PS) and to an energy of 25 GeV at a velocity of 99.93% of the speed of light. The last accel-
eration step happens in the Super Proton Synchrotron (SPS), where the energy is increased to 450 GeV.
In the Large Hadron Collider they reach up to 7 TeV of energy corresponding to a velocity very close to
the speed of light.
There are two beam pipes close to each other where protons are injected in opposite directions. Eight
super-conducting cavities per beam pipe are installed in several places to accelerate the protons. They
are operated at a temperature of 4.5 K. Super-conducting dipole and quadrupole magnets are installed
around the beam-pipe to keep the proton beams on track. These magnets have to be operated at very low
temperatures of ∼1.9 K. The magnetic field strength goes up to ∼8.3 Tesla.
The intense cooling of the magnets requires a cooling system with tons of fluid He.
Protons can be accelerated up to energies of 7 TeV, thus resulting in a collision center of mass energy of
14 TeV. In 2010 and 2011 protons were collided with a center of mass energy of 7 TeV and in 2012 of
8 TeV. The design luminosity is 1034 1

cm2 s and in 2012 it reached instantaneous luminosities of ∼ 1033 1
cm2 s .

This mixture of high center of mass energy and high luminosity makes the LHC a promising experiment
to explore a new energy range in HEP. The integrated luminosity of proton-proton collisions delivered
by the LHC and recorded by the ATLAS detector is shown in a cumulative way in Fig. 4.3.
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Figure 4.3: Integrated luminosity of proton-proton collisions recorded by ATLAS in 2010-2012.

Figure 4.4: The ATLAS detector
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4.2 The ATLAS Detector

The ATLAS detector [17] is a multi purpose detector with almost 4π coverage and is sketched in Fig. 4.4.
It consists of the inner tracking system, the hadronic and electromagnetic calorimeters, the muon detec-
tion system and a system to provide magnetic fields.

Figure 4.5: Coordinate system of the interaction point

In Fig. 4.5 a scheme of the interaction point and the system of coordinates is depicted. The z-axis is
the direction of the beam axis, the x-y plane is perpendicular to it and the x-axis is pointing into the middle
of the LHC ring. φ measures the angle around the beam axis and θ measures the angle from the beam
axis . Pseudo-rapidity η = −ln tan( θ2 ) is often used instead of θ, as it is invariant under Lorentz boosts
along the beam direction. R is the pseudo-rapidity-azimuthal angle and defined as R =

√
(θ)2 + (φ)2.

4.2.1 Inner Detector

Figure 4.6: Sketch of the inner detector.

The inner detectors purpose is to track and measure momenta and charge of particles and is depicted
in Fig. 4.6. It covers the pseudo rapidity range |η| < 2.5 and has full φ coverage. A silicon pixel detector, a
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silicon micro strip detector (SCT) and a transition radiation tracker (TRT) are built inside a 2 T magnetic
field, which provides the magnetic field to bend charged particles. A charged particle traversing the
detector would typically have three hits in the pixel detector, eight in the SCT detector and more than 30
in the TRT.
Close to the interaction point the particle flux density is largest and a high resolution pixel detector is
installed. Three pixel layers are surrounding the beam pipe in R − φ segments in the barrel region. In
the end cap pixel layers are arranged perpendicular to the beam axis. The size of an average pixel is
50×400 µm2 and is made out of silicon. Of special importance is the radiation hardness of the innermost
pixels layers. The pixels are exposed to high radiation doses over a long time due to the high luminosity.
The high granularity of the pixels and arrangement in several layers allow for very good resolution of
charged particles, ionizing the silicon sensors. The pixel detector has a resolution of ∼12 µm in the R− φ
coordinate, and ∼110 µm in the z coordinate resulting in total of ∼80 million readout channels.
In the Semiconductor Tracker (SCT) silicon micro strip detectors are used. The particle flux density is
reduced compared to the pixel detector area, thus silicon strips instead of pixels are used, decreasing the
number of readout channels. The resolution per module in the barrel is ∼17 µm in R − φ and ∼580 µm in
z. The total number of readout channels is ∼6 million.
The Transition Radiation Tracker(TRT) forms the outer layer of the inner detector. The components
of the TRT are straws of diameter of 4 mm filled with gas mixture based on Xenon, which serves as
ionizing material. Charged particles ionize the gas and the time drift of the charged cluster to the wire in
the middle of the straw is measured. The TRT has a resolution in R − φ of 130 µm per straw. Radiator
material is filled in the gaps between the straws, thus transition radiation occurs when an electron crosses
medias. Thus electrons can be identified with high precision. For electron energies above 1 GeV, the
TRT has an electron identification efficiency of ∼90 %. The number of readout channels is ∼350k.

4.2.2 Calorimetry

Calorimeters are used to measure energy deposition and position of electrons, photons, charged and neu-
tral hadrons. The components of the calorimeter are arranged to cover full φ symmetry and are depicted
in Fig. 4.7. They do as well measure information about the missing transverse energy which is espe-
cially crucial for the analysis described later. The electromagnetic calorimeters in the ATLAS detector
are the Liquid Argon (LAr) calorimeters in the barrel (EMB) and end-cap covering a range of |η| < 3.2.
The LAr functions as ionizing material and lead is used as absorber. The thickness of more than 22
radiation lengths is sufficient for high energy jets and to suppress punch through (combined with the
hadronic calorimeters) to the muon spectrometer. A radiation length is the mean time between two inter-
actions. The efficiency of pion-photon and pion-electron is enhanced in the electromagnetic calorimeter
due to the high spatial resolution and provides a precision η measurement. The energy resolution is
∼

σE
E = 10%

E × 3% .

The tile scintillator hadronic calorimeter covers |η| < 1.7 and consists of iron with scintillators in-
terleaved. It surrounds the EMB. The LAr hadronic end-cap calorimeter covers 1.5 < |η| < 3.2. Radi-
ation is much harder in the forward regions, thus LAr is used as ionizing material and Copper/tungsten
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Figure 4.7: Sketch of the calorimeter system.

as absorber. The thickness is ∼10 radiation length in the barrel region. The spatial jet resolution is
δφ × δη = 0.1 × 0.1 and the energy resolution in the barrel region ∼ σE

E = 50%
E × 3%.

The LAr forward detector (3.1 < |η| < 4.9) lies in the region with the highest radiation doses. It
consist out of a electromagnetic and a hadronic part and is placed 1.2 m further away from the interaction
point than the end-cap calorimeters.

4.2.3 Muon Spectrometer

Due to their high mass muons will only slightly interact in the calorimeter system and can therefore be
detected separately in a muon detector system. Muons are bended by the magnetic field provided by the
large super conducting air-core toroid magnets.
The Monitored Drift Tube (MDT) chambers and Cathode Strip Chambers (CSCs) are used for precision
track measurements in η. MDT chambers consist of aluminum tubes with a wire in the center. The tubes
are floated with a mixture of Argon and CO2. A muon ionizes the gas and electrons are moving towards
the wire, due to the high voltage applied. The muon track is determined by measuring the drift time of
the electrons. The MDTs are located in the barrel at 0 < |η| < 1.05, in the end-cap at 1.05 < |η| < 2.7
with the only exception in the inner-most end-cap where the CSC chambers take over.
The CSC chambers are located in the inner-most end-cap, closest to the beam-pipe at 2 < |η| < 2.7 and
have to operate under conditions with larger background.
Resistive Plate Chambers (RPC) cover 0 < |η| < 2.4 and deliver trigger information in the barrel. A
gas mixture is filled in between two resistive plates. A charged particle ionizes the gas mixture and the
charge is collected at the plates through the high voltage applied. The drift time is very short compared
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Figure 4.8: Sketch of the muon spectrometer.

to the one in the MDTs, so a fast response is ensured, which is needed for the trigger. The time resolution
of the RPCs is O(ns) . Thin Gap Chambers (TGC) complete the muon trigger system and are installed
in the end-cap. They deliver trigger information in the end-cap and the determination of the azimuthal
coordinate. They function like multi-wire proportional chambers. The drift time of ionized particles is
again very short to need trigger requirements.

4.2.4 Trigger and data acquisition system

The design bunch crossing rate of the LHC is 40 MHz with ∼25 interactions per bunch crossing. The
purpose of the ATLAS trigger system [68] is to reduce this enormous amount of information. The rate
of recorded events is ∼200 Hz and limited by processing of the data and offline storage. The trigger
system has three levels as depicted in Fig. 4.9. Level 1 (L1) is a hardware trigger using information
from the calorimeter and muon sub detectors, the second (L2) and third (Event Filter, EF) levels are
software-based systems using information from all sub detectors. The combined L2 and EF is called
High Level Trigger (HLT). The information from the muon spectrometer, the calorimeters and the inner
detector is stored temporarily in front end pipelines. In the meantime a subset of information from the
muon spectrometer and the calorimeters is fed to the L1 trigger system which takes the decision to keep
the event or not within 2.5 µs. At design luminosity the L1 trigger reduces the rate to max. 75 kHz. In
addition it defines Regions of Interest (RoI) which are fed to the HLT. In case an event gets accepted
by L1 data from all detectors is stored in readout buffers and awaits the decision from L2. The L2
trigger system reduces the rate to ∼3 kHz. If the L2 system accepts the event the information is fed to
the event builder. The event builder combines the information from all sub detector and feeds the full
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Figure 4.9: Sketch of the trigger system from Ref. [68].

event information to the EF. The EF reduces the rate to ∼200 Hz, which is then stored for further offline
reprocessing. Different data streams are defined based on the trigger type, they are called ”Egamma”,
”Muons”, ”JetTauEtmiss” and calibration streams.
.



Chapter 5

SM and SUSY signatures in proton-proton
scattering at the LHC

5.1 SM signatures and cross sections

The description of hadron-hadron collisions can be split into regimes according to the scale of the mo-
mentum transfer. The area of large momentum transfer, where the matrix elements of the sub-process in-
volved can be calculated from first order principle, is well described by pertubative QCD(pQCD). pQCD
stops working at energy levels when confinement takes over, usually at ∼1 GeV. In the non-pertubative
region at lower momentum transfer models are used to describe data.
Searches for supersymmetry require predictions of rates and distributions of observables sensitive to sig-
natures of the new particles. The Monte Carlo method [69] is used to calculate predictions due to the
probabilistic behavior of quantum physics ever since the development of computers. The description of
proton-proton collisions at the LHC with MC generators can be separated in several parts, a review is
given in Ref. [70]:

• Hard sub-process

Beginning from the highest scale the hard sub-process can be calculated with pQCD. Partons of the
proton are gluons and quarks. Deep inelastic proton-proton scattering can be described in terms of
hard scattering of partons. Parton density functions describe the fraction of momentum carried by
quarks and gluons. The primary processes are quark-(anti-)quark, quark-gluon and gluon-gluon
reactions. The hard scattering processes are defined to be those with a large transverse momentum
transfer and thus with a large angle θ perpendicular to the beam axis. The cross section of proton
proton scattering to a final state X σpp→X can be expressed in terms of cross sections of hard
processes σ̂ab→X with a,b being the partons of the proton involved:

σpp→X =
∑
a,b

∫
dxadxb f a(xa, µF) f b(xb, µF)σ̂ab→X (5.1)

25
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xa and xb are the momentum fractions of the partons a and b, respectively, relative to the proton.
f a and f b are the parton density functions (pdfs). The expansion of the cross section in terms of
αS yields:

σ̂ab→X = σ̂0
ab→X + αS × σ̂

1
ab→X + α2

S × σ̂
2
ab→X + ... (5.2)

The first order cross section is calculated like:

σ̂0
ab→X =

∫
1
2ŝ

∫
|Mab→X |

2(µF , µR)
∏
i∈X

d3 pi

(2π)32Ei
(2π)4δ(4)(pa + pb +

∑
i∈X

pi) (5.3)

ŝ = xaxbs with s being the center of mass squared. |Mab→X |
2 is the matrix element (ME) squared,

µF the factorization scale and µR the renormalisaion scale. The dependency on µF and µR repre-
sents our lack of knowledge of all order of the perturbation series. The renormalization scale µR

is set to an energy characteristic to the process. The DGLAP equations are used to describe the
dependence of observables on the scales [71–73].

• Parton shower

In the hard sub-process most of the particles underly QCD and thus can radiate gluons which itself
can radiate other gluons and quark-anti-quark pairs. This is simulated by a parton shower (PS)
algorithm starting at the scale of the hard sub-process and evolutes to lower scales. Most of the
additional partons are emitted collinear or are soft.

• Hadronization

At scales of ∼1 GeV QCD confinement takes over and the perturbation series breaks down. The
parton description must be replaced by a hadronization model which describes the formation of
colorless states. Most of the hadrons are not stable with respect to the detector surrounding the
interaction point and thus algorithms simulating the decay to lighter hadrons and finally stable
particles were developed.

• Jets

The signature that a hard sub-process with its parton shower and the subsequent hadronization
leaves in a detector is bundled into a jet. The reconstruction of a jet in a detector via its energy
depositions is done via a jet algorithm.

In the generation of spectra the pertubation series in Eq. 5.2 and the PS algorithms have to opposed.
PS algorithms describe parton radiation as successive emission of particles. This works well in the soft
and collinear regime. Opposed to this the calculation of ME is successful when the emission is well
separated, but breaks done in the soft regime. Therefore several approaches exist in the algorithms used
to make predictions of rates and spectra in proton-proton collisions. PYTHIA6 [74] is a classical example
on a tool based on PS.
In Fig. 5.1 several measurement of the total cross section of SM processes ATLAS carried out so far
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are listed and opposed to theoretical calculations1. The W and Z vector-boson inclusive cross sections
were measured with 35 pb−1 of integrated luminosity. The top quark pair production cross-section uses
up to 1.02 fb−1 of data. The single-top measurement uses 0.7 fb−1 of data, while the WZ measurement
uses 1.02 fb−1 . The WW and ZZ measurements were made with the full 2011 dataset corresponding to
∼5 fb−1 . The measurements are opposed to theoretical calculations at NLO or higher.
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Figure 5.1: Summary of SM cross section measurements ATLAS carried out so far. The dark error
bar represents the statistical uncertainty. The red error bar represents the full uncertainty, including
systematics and luminosity uncertainties. All theoretical expectations were calculated at NLO or higher.

5.2 SUSY signatures and cross sections

Figure 5.2: Cross section of various supersymmetric processes calculated with Prospino [75].

1 from https://twiki.cern.ch/twiki/bin/view/AtlasPublic/CombinedSummaryPlots, March 2013)
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In Fig. 5.2 the production cross section of various supersymmetric processes are plotted in depen-
dence of their masses. The dominant production modes are squark-squark (q̃q̃), squark-anti-squark (q̃q̃∗),
squark-gluino (q̃g̃) and gluino-gluino (g̃g̃) pair production. The Feynman graphs associated to these pro-
cesses are depicted at LO in Fig. 5.3. Gluons are depicted with a curly line, gluinos with a curly line
crossed by a straight line. Quarks are depicted with a solid line and an arrow, squarks with a dashed line
and an arrow.
NLO order corrections can go up to 100 % of the LO cross section and usually have positive sign.
The cross sections used in this thesis are calculated up to next-to-leading order in αS, including the re-
summation of soft gluon emission at next-to-leading-logarithmic accuracy (NLO+NLL) [75–79]. The
authors of Ref. [80] showed that even at NLO+NLL accuracy there are further terms that enhance the
cross section by up to 30%. The SUSY signal cross sections used in this thesis are calculated following
as close as possible the PDF4LHC [81] recommendations as described in Ref. [82], i.e. the mean of
the envelope from several PDF sets. In these calculations two pdf sets were used, CTEQ6L1 [83] and
MRST2007LO* [84].
The couplings of supersymmetric particles are the same as of SM particles. Gluinos decay to squarks

and quarks. In a three body decay gluinos can directly decay via a virtual squark to two quarks and
the neutralino. Squarks can decay to gauginos and quarks. In Fig. 5.4 an example of a mass spectrum
of the particles of the MSSM from Ref. [85] is shown. The topology of the signatures seen at hadron
colliders depends heavily on the mass spectra of the supersymmetric particles. The primary produced
particles, gluinos and squarks, may decay to kinematically accessible other supersymmetric particles. In
the example above gluino with a mass of ∼600 GeV can decay to a squark ũR at ∼480 GeV and a jet.
ũR can decay further to the lightest chargino χ̃±1 and a jet. χ̃±1 further decays to the neutralino χ̃0

1 and a
lepton.

Depending on the mass spectra there can be more complex topologies e.g. a χ̃0
2 decaying into a

slepton-lepton pair, which decays further into a lepton pair plus the χ̃0
1 . A typical signature leading to

the topology investigated in this thesis is depicted in Fig. 5.5. A gluino pair is produced and each gluino
decays into a squark and an anti-quark. The squarks are decaying into the lightest neutralino (depicted
by a dashed line) and a quark. In the detector visible will be jets coming from the quark and anti-quarks
and missing energy from the neutralinos qq̄→ jets + Emiss

T .
The sensitivity to these kind of signatures were studied before the LHC started to acquire data, e.g. in
Refs. [86], [8].
The spectra of SUSY signal samples used in this thesis are generated with Herwig++ [87], [88] or with
MadGraph/PYTHIA6 [89, 90].
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.3: Feynman graphs depicting the pair production of supersymmetric particles at leading order.
Diagrams with crossing lines in the final state are not drawn explicitly.
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Figure 5.4: Example of spectrum of masses of supersymmetric particles in the MSSM.

Figure 5.5: Feynman graph(s) of gluinos pair production decaying into anti-quarks and squarks, which
itself decay into the lightest neutralino and quarks.



Chapter 6

Search for supersymmetric signatures with
large missing transverse momentum, jets
and a veto on leptons

6.1 Introduction

This search is targeted at heavy squarks and gluinos decaying into jets and neutralinos. Typical signatures
are multiple jets and Emiss

T from the neutralino. The jet multiplicity can range from two, e.g. squarks
decaying directly to a neutralino and a jet, up to large multiplicities depending on cascade decays and
initial or final state radiation. Examples of the production and decay modes to the first order are depicted
in Tab. 6.1 and opposed to the minimal jet multiplicity in the final state in the search channels. Initial
and final state radiation do increase the jet multiplicity in the final state, whereas soft jets due to small
mass splittings or jets that fall out of the acceptance or kinematic selection of the analysis decrease the
measured final state multiplicity. Thus the correspondence of the processes to the search channels listed
in the table must not necessarily be true in the experiment.

Analyses channels are defined, ranging from an inclusive two jets and more selection up to six jets
and more, labelled as channel A-E. The lower jet multiplicity channels focus on models characterized
by squark pair production, intermediate jet multiplicities on squark pair and associated squark-gluino
production and high jet multiplicities are optimized for gluino pair production and/or long cascade decay
chains. In addition a separate two jets and more channel selection, labelled A∗ was defined to be more
sensitive to compressed spectra by allowing the events to have a larger Emiss

T component relative to the
scalar sum of the pT of the jets. This additional search channel was triggered by the study in Refs. [91,92]
showing that initial state radiation jets can increase the sensitivity to these decay modes.

The properties of the supersymmetric signatures are condensed in the effective mass meff(incl.) vari-
able which is defined to be the scalar sum of the transverse momenta pT over all jets with pT > 40 GeV

31



Chapter 6. Search for SUSY signatures with missing transverse momentum and jets 32

Channel Min. jet mult. production decay

A 2 q̃q̃ q̃→ χ̃0
1j

A∗ 2 q̃q̃,q̃g̃,g̃g̃ compressed spectra
B 3 q̃q̃,q̃g̃ q̃→ χ̃0

1q,g̃→ χ̃0
1qq

C 4 q̃q̃, q̃g̃,g̃g̃ g̃→ χ̃0
1qq, q̃→ χ̃±1 q→ W±χ̃0

1q
D 5 q̃g̃,g̃g̃ g̃→ χ̃0

1qq, q̃→ χ̃±1 q→ W±χ̃0
1q

E 6 g̃g̃ g̃→ χ̃±1 qq→ W±χ̃0
1qq

Table 6.1: Examples on first order production and decay modes leading to final states with jets and
Emiss

T opposed to the search channels and the jet multiplicity per search channel. This is not a one to
one correspondence as the jet multiplicity in the final event selection is modulo additional jet radiation,
detector acceptance and reconstruction efficiency of jets.

and Emiss
T .

me f f (incl.) =
∑

pT>40 GeV

pT + Emiss
T (6.1)

This variable is used as the discriminating variable between signal and background. Each of the six
channels is used to construct between one and three signal regions with tight, medium and/or loose meff

(incl.) selections, giving a total of 11 SRs.
The event selection is depicted in Tab. 6.2 which is taken from Ref. [5] and detailed in section

Sec. 6.6. Emiss
T is required to be larger than 160 GeV. The hardest jet pT must be larger than 130 GeV

and the pT of the other jets in the event 60 GeV, respectively 40 GeV as listed in the table. The cuts on
the ratio of Emiss

T and meff and on the angular separation ∆φ( ji, Emiss
T ) between the missing momentum

vector in the transverse plane and the i-th jet are introduced solely to reject multi-jet background. Thus
this analysis is designed to have very good rejection against this kind of background. Note that the meff

definition in the ratio of Emiss
T and meff cut is different from the final selection meff (incl.) variable. meff

is defined as the scalar sum of Emiss
T and all jets used in the given channel multiplicity, opposed to meff

(incl.) where all jets with a pT of 40 GeV are used. ∆φ( ji, Emiss
T ) is the angular separations between the

missing momentum vector in the transverse plane( PT,miss) and the jets. In channel A, A* and B, the
selection requires ∆φ( ji, Emiss

T ) to be larger than 0.4 radians using up to three leading jets. In the other
channels an additional requirement of ∆φ( ji, Emiss

T ) larger than 0.2 radians is applied to the remaining jets
with pT larger than 40 GeV to further suppress multi-jets background. In the final signal region boxes
defined by the meff cuts in the last row counting experiments have been carried out to test if the data
shows deviations from the background prediction.

The meff (incl.) distribution of all search channels are shown in Fig. 6.1. The Z+jets, W+jets, tt̄
and diboson component are estimated via MC normalised to the integrated luminosity and the multi-jets
background from the data driven method described in Sec. 6.7.3. Two supersymmetric model parameter
points are shown as well to illustrate different topologies. Both points correspond to simplified models,
that is not all possible production and decay chains are considered rather than some specific ones. In
both points only q̃q̃, q̃g̃ and g̃g̃ production are switched on. Only the squarks of the first two generations
are considered and their masses are assumed to be degenerate. The only other allowed particle in the
kinematic range is a massless neutralino (m(χ̃0) = 0). All other supersymmetric particles are switched
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Requirement
Channel

A A* B C D E

Emiss
T [GeV] > 160

pT( j1) [GeV] > 130

pT( j2) [GeV] > 60

pT( j3) [GeV] > – – 60 60 60 60

pT( j4) [GeV] > – – – 60 60 60

pT( j5) [GeV] > – – – – 40 40

pT( j6) [GeV] > – – – – – 40

∆φ( ji, Emiss
T ) > 0.4 (i = {1, 2, (3)}) 0.4 (i = {1, 2, 3}), 0.2 (pT > 40 GeV jets)

Emiss
T /meff(N j) > 0.3 (2j) 0.4 (2j) 0.25 (3j) 0.25 (4j) 0.2 (5j) 0.15 (6j)

meff(incl.) [GeV] > 1900/1400/– –/1200/– 1900/–/– 1500/1200/900 1500/–/– 1400/1200/900

Table 6.2: Channels used in the analysis.

off in making their masses artificially very heavy, so the do not play a role in the spectrum. The first model
point corresponds to a neutralino mass of m(χ̃0) = 0 TeV, the squark mass of the first two generations
m(q̃) = 1.0 TeV and the gluino mass m(g̃) = 2.0 TeV. The other point corresponds to the case where the
squarks are heavier than the gluino with m(χ̃0) = 0 TeV, m(q̃) = 2.0 TeV and m(g̃) = 1.0 TeV. If squarks
are light relative to the gluinos the low jet multiplicity channels are more sensitive whereas when the
gluino is lighter sensitivity is enhanced in the high jet multiplicity channels.
The plots in Fig. 6.1 do not show data in the regions where the hypothesis test are carried out. This
depicts the stage of the analysis where the background estimation was performed blindly to protect from
human bias in the statistical analysis. Full distributions with data in the SRs are showed in the results
section after the hypothesis tests have been carried out.

The dominant sources of background are: W +jets, Z +jets, top pair, multi-jet, single top and dibo-
son production. Non-collision backgrounds are found to be negligible. For each of the main background
components a control region (CR) was defined with requirements as close as possible to the signal re-
gion selection, see Tab. 6.3 which is taken from Ref. [5], thus minimizing systematic uncertainties arising
from extrapolation from each CR to the SR. For each selection a simultaneous normalization of back-
grounds is performed, taking into account correlations in the systematic uncertainties and controlling
signal contamination to the CRs.

The irreducible background Z +jets is dominated by Z → νν events with large Emiss
T Ċontrol samples

requiring isolated photons and jets are used and the reconstructed momentum of the photon is added
to the PT,miss vector to estimate the Emiss

T Ȧs cross check Z(→ ee \ µµ) + jets events are used via di-
leptonic control regions. The multi-jet background is caused by rare instances of poor reconstruction of
jet energies in calorimeters leading to fake missing transverse momentum and as well by neutrinos in
the semi-leptonic decay of heavy quarks. It is estimated using control regions in which the cut on the
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Figure 6.1: Blinded me f f (incl.) distributions of all search channels A-E. Each top panel shows the SM background
expectations. MC simulation expectations are normalized to luminosity. The multi-jet background is estimated using the jet
smearing method described in the text. Two benchmark model points with m(χ̃0) =0 TeV, m(q̃)=1.0 TeV, m(g̃)=2.0 TeV and
m(χ̃0) =0 TeV, m(q̃)=2.0 TeV, m(g̃)=1.0 TeV, respectively. The arrows indicate the locations of the lower edges of the signal
regions. The bottom panel shows the fractional deviation of the data from the total unscaled background estimate. The light
(yellow) band shows the combined experimental uncertainties on the unscaled background estimates from jet energy scale, jet
energy resolution, the effect of pile-up, the treatment of energy outside of reconstructed jets and MC simulation sample size.
The medium (green) band includes also the total theoretical uncertainties.
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CR SR Background CR process CR selection

CR1a Z(→ νν)+jets γ+jets Isolated photon

CR1b Z(→ νν)+jets Z(→ ``)+jets 66 GeV < m(`, `) < 116 GeV

CR2 multi-jets multi-jets Reversed ∆φ( ji, Emiss
T ) cut

CR3 W(→ `ν)+jets W(→ `ν)+jets 30 GeV < mT (`, Emiss
T ) < 100 GeV, b-veto

CR4 tt̄ and single-t tt̄ → bbqq′`ν 30 GeV < mT (`, Emiss
T ) < 100 GeV, b-tag

Table 6.3: Control Regions used in the analysis , indicating the main SR background targeted, the
process used to model the background, and main CR cut(s) used to select this process. See Sec. 6.7 for
details of event selections used.

VR VR selection sensitive to

VR1b as CR1b, but |m(`, `) − m(Z)| > 25GeV fully leptonic tt̄

VR1c as CR1b, 2 OSOF leptons, no req. on |m(`, `)| fully leptonic tt̄

VR2 as CR2,but 0.2 < ∆φ( ji, Emiss
T ) < 0.4 multi-jets

VR5 as SR, but inverted Emiss
T /meff(N j) multi-jets

Table 6.4: Validation Regions used in the analysis, indicating the process the selection is sensitive to ,
and the main VR cut(s) used.

minimum azimuthal separation between PT,miss and jets is reversed and set to be smaller than 0.2, thus
selecting events in which the PT,miss is aligned with one of the three leading jets in the transverse plane.
The W +jets background is composed of W → τν events or W → lν events in which no electron or muon
candidate is reconstructed. It is estimated from a sample of events with a lepton, significant Emiss

T and a
transverse mass of the lepton-Emiss

T system between 30 GeV and 100 GeV consistent with the W mass.
A veto on jets from b-quark decays, using a secondary vertex requirement, is applied to split events with
top decays. The lepton in the events is treated as a jet to calculate the kinematic variables.
Hadronic τ decays in tt → bbτνqq and single top events can generate large Emiss

T and pass the jet and
lepton requirements. The background from top quark events is estimated using the same procedure as
that used for W → ν+jets events, but replacing the b-veto with a b-tag requirement.

The information on backgrounds via MC or data driven methods as well as the observed data in all
region is fed into a likelihood for each channel. Thus the likelihood includes all information about back-
ground processes, systematic uncertainties, their correlations as well as potential signal contamination in
CRs.
The transfer factor TF is defined to be

Ni(S R, scaled) = T Fi ∗ nCR

T Fi = NS R
i /NCR

i

(6.2)

where
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• N(S R, scaled) is the number of estimated events for process i in the SR after normalization to CR

• NS R
i is the number of estimated events for process i in the SR before normalization to CR

• NCR
i is the number of estimated events for process i in the CR before normalization to CR

• nCR is the number of observed events in the CR

’Validation’ regions (VR) are defined and are summarized in Tab. 6.4. The procedure to verify the
validity of the likelihood is ensured with different types of fits:

• Background : Only the CRs are included in the fit.

• Extended Background: Only the CRs and VRs are included in the fit

• Discovery/Exclusion: The CRs and the SR are included in the fit

In the Background and Extended Background fit setup the simultaneous normalization to the CRs
and the extrapolation to the VRs is tested.. In the Discovery/Exclusion mode the SR is added. Test are
carried out to detect deviation from the background expectation in data. Exclusion limits on parameters
of specific supersymmetric models are set. As test statistic the profile log likelihood ratio is used. Limits
on models are set choosing for each specific model the best expected channel in terms of exclusion power.

6.2 MC Simulation

Monte Carlo samples of simulated multi-jet events are generated with PYTHIA6 [74], using the MRST2007LO*
modified leading-order parton distribution functions (PDFs) [84], Top quark pairs, W and Z/ γ plus jets
are simulated with ALPGEN [93] and the CTEQ6L1 [83] PDF set. Herwig [94,95] is used for modelling
fragmentation and hadronisation and JIMMY [96] for the underlying event.
W W , W Z, ZZ and W/ γ and the γ + jets processes are simulated with SHERPA [97] and single
top quark production with AcerMC [98]. The spectra of SUSY signal samples are generated with
Herwig++ [87, 88] or with MadGraph/PYTHIA6 [89, 90]. The SUSY signal cross section and their
uncertainty are taken following as close as possible the PDF4LHC [81] recommendations as described
in Ref. [82], i.e. the mean of the envelope from several PDF sets as nominal signal cross section and
the uncertainty form the global envelope. In these calculations two pdf sets were used, CTEQ6L1 and
MRST2007LO*. The cross sections are calculated up to next-to-leading order in αS, including the re-
summation of soft gluon emission at next-to-leading-logarithmic accuracy (NLO+NLL) [75–79].
The ATLAS collaboration optimized the generation of those processes to their needs and created soft-
ware ”tunes” [99–101]. Finally the simulated events are passed through the ATLAS detector simulation
[102] based on GEANT4 [103].
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6.3 Trigger

Triggering on the supersymmetric signals is straightforward in this analysis as the striking signal contains
large Emiss

T and multiple jets with large pT . The ATLAS Emiss
T trigger is described in Ref. [104] and the

jet pT trigger in Ref. [105]. A combination of both triggers is optimal for searches in final states with
large Emiss

T and multiple jets. Jets measured at the electromagnetic energy scale are required to have a
pT larger than 75 GeV at the first trigger stage. The amount of Emiss

T must exceed 45 - 55 GeV at the
first trigger stage depending on the instantaneous luminosity which changed during the data taking. The
combination of those two triggers reach an efficiency of data taking > 98% for events with the hardest jets
having more then 130 GeV of pT and the total missing transverse momentum being larger than 160 GeV.

6.4 Object selection

Electrons, muons, photons, jets, b-jets and missing transverse momentum are defined in the following.

6.4.1 Jets

Jets are reconstructed using the anti-kt jet algorithm [106] with a radius parameter of R = 0.4. Jets with
pT > 20 GeV and |η| < 2.8 are considered. The ”topological” jet algorithm [107] clusters neighbor-
ing cells and combines their information leading to a good signal to noise rate. Starting from a seed
cell surrounding sells are subsequently added to the cluster until a energy threshold level for the next
neighboring cell is reached. This approach suppresses potential noise quite efficiently as needed in mea-
surements using jets and missing transverse momentum.
Jets are calibrated using the ”EM+JES” scheme [108], that is jets are reconstructed at the electromag-
netic scale and a correction to the jets is applied, derived from data and systematic MC studies. The
correction is applied as a function of jet energy and pseudo-rapidity and covers effects from additional
proton-proton interactions (pile-up), primary vertex of the event, jet energy and direction. The calibrated
jet energy EEM+JES is given by

EEM+JES = (EEM − O(NPV , η, τb))/Fcalib,EM+JES (6.3)

where EEM is the energy measured at the electromagnetic scale, O(NPV , η, τb) the energy from multiple
proton-proton interactions , NPV the number of primary vertices,τb the bunch spacing time and Fcalib a
correction function depending on the jet energy and pseudo-rapidity.
The term O(NPV , η, τb) estimates the amount of energy from multiple interaction within one bunch cross-
ing which depends on NPV . In addition energy deposition from interaction from a nearby bunch depend
on τb. This η dependence comes from the geometry of the calorimeters and the different particle content
in η. Its magnitude is measured from minimum bias data.
Fcalib,EM+JES is calculated via MC studies where bins in un-calibrated jet energy Euncalib = EEM −

O(NPV , η, τb) and η are defined and within these bins the jet energy is corrected depending on the jet re-
sponse REM = Euncalib/Etruth where Etruth is the jet energy from MC. The uncertainty on this calibration
is in the following denoted as JES uncertainty.
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B-jets are identified using a neural network algorithm, which takes as inputs variables from impact pa-
rameter measurements and from the topological structure of b-quark decays, as described in Refs. [109,
110]

6.4.2 Electrons and Muons

Electron candidates are required to have pT > 20 GeV and |η| < 2.47, and to pass the medium selection
criteria described in Ref. [111]. Cut on shower shape variables and on the amount of energy deposited
in the hadronic calorimeters are applied. Additionally track requirements like the number of hits in the
pixel and SCT detectors, the distance of the track to the primary vertex and the matching of the energy
cluster to the track are considered.

Muon candidates [112, 113] are required to have matching tracks in the inner detector and muon
spectrometer with pT > 10 GeV and |η| < 2.4.

6.4.3 Resolving overlapping objects

Overlaps between candidate jets with |η| < 2.8 and leptons are resolved as fol- lows and are based on the
∆R =

√
∆φ2 + ∆η2 variable:

• If an electron and a jet are found within ∆R < 0.2, the object is interpreted as an electron and the
overlapping ‘jet’ is ignored.

• If a muon and a jet are found within ∆R < 0.4, the object is treated as a jet and the muon is ignored.

• If an electron and a jet are found within 0.2 ≤ ∆R < 0.4, the object is interpreted as a jet and the
nearby ‘electron’ is ignored.

6.4.4 Missing transverse momentum

The reconstruction of the missing transverse momentum vector in the x,y plane PT,miss depends on the
identification of all objects as described before and all calorimeter clusters not associated with one of
these objects. All jet candidates with |η| > 2.8 are discarded. As there is no significant initial transverse
momentum component in the colliding particle system the PT,miss corresponds to the difference of the
vectorial sum over all momentum vectors in the x,y plane of identified particles and unassigned clusters
to the 0 vector. The magnitude of PT,miss is Emiss

T . If an event is very unbalanced, i.e. all identified objects
point into one direction a large Emiss

T component is expected. Emiss
T consists of several terms as follows,

where Emiss
T (x, y) being the x or the y component.

Emiss
T (x, y) = (Emiss

T )RefEle
x,y + (Emiss

T )RefJet
x,y + (Emiss

T )RefMuo
x,y + (Emiss

T )CellOut
x,y , (6.4)

Electron objects are summed up in (Emiss
T )RefEle

x,y using electrons passing ’medium’ selection criteria
described above with pT >20 GeV before overlap removal. Jet objects are included at the jet energy
scale in (Emiss

T )RefJet
x(y) term using jets with pT >20 GeV and over the full η range. Contributions from
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muons are summed up in (Emiss
T )RefMuo

x(y) , using the muons with pT >10 GeV) before overlap removal.
(Emiss

T )CellOut
x(y) is computed from energy clusters at the EM scale which are not included in reconstructed

objects, in particular, clusters associated to jets with pT <20 GeV are included in this term.

6.4.5 Photons

Photons are used with the ’tight’ photon identification criteria from the ATLAS prompt photon cross
section analysis [114].

6.5 Data

The full dataset of the proton-proton collisions provided by the LHC at a center-of-mass energy of 7 TeV
in 2011 is analyzed. A total integrated luminosity of 4.7 fb−1 suitable for this analysis was recorded
[115, 116]. The peak instantaneous luminosity ranges from 1.3 × 1030 to 3.7 × 1033 1

cm2 s and the peak
mean number of interactions per bunch crossing from 2 to 12. The precision of the luminosity measure-
ment is 3.9 %.

6.6 Event selection

After having defined physics objects like jets, electrons, muons as well as having resolved potential
overlap, the main selection criteria targeted at distinguishing between potential supersymmetric signals
and background processes are applied. As a first step a veto on electrons or muons is applied to reduce
backgrounds from all final states containing one good isolated lepton and missing transverse momentum.
This is mainly W’s decaying leptonically accompanied with jets and tt̄ events in the semi-leptonic decay
mode. In both cases the lepton is coming from a W decaying leptonically and the missing transverse mo-
mentum from the corresponding neutrino. Electron and muons are vetoed when the pT exceeds 20 GeV
and 10 GeV, respectively.
The signal selections after the event cleaning and the lepton veto are listed in Tab. 6.2. The main require-
ments on Emiss

T to be larger than 160 GeV and the pT of the leading jet to be larger than 130 GeV ensure
the analyses to be in the in a high efficiency triggering regime. The distribution of the Emiss

T variable
and the pT of the hardest jet without the cut on the meff variable are shown in Fig. 6.2. Note that all
distributions are derived from MC. Clearly the multi-jets backgrounds is not sufficiently described as it
lacks of MC sample size. These cuts do already suppress a large amount of background, especially the
QCD multi-jets background.

In both distributions it is visible that the ALPGEN MC estimates in the extreme phase-space regions
with large Emiss

T are harder than those observed in data. This is especially true for W+jets and Z+jets, but
also for tt̄ +jets generated with ALPGEN. The reasons for this can be manifold. The signal region selec-
tions cover final states from 2 to X jets. Additional requirements are applied on the transverse momenta
of jets in the inclusive 2-, 3-, 4-, 5- and 6-jet events search channels A/A* , B, C, D and E, respectively.
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Figure 6.2: Distributions of Emiss
T and pT of the hardest jet in search channel A without the meff require-

ment. All processes are estimated using MC normalized to the integrated luminosity. The light (yellow)
band shows the combined experimental uncertainties on the unscaled background estimates from jet en-
ergy scale, jet energy resolution, the effect of pile-up, the treatment of energy outside of reconstructed
jets and MC simulation sample size. The medium (green) band includes also the total theoretical uncer-
tainties.

The jet pT thresholds for the next to leading up to four jets are set at 60 GeV and those of five and six
jets to 40 GeV. The jet multiplicity is plotted in Fig. 6.3. Prediction on rates of large jet multiplicity final
states and especially predictions in signal regions which cover a broad range of jet multiplicities with MC
generators is very difficult and challenging. The exact reason for this overshoot of ALPGEN MC over
data is not known yet and needs extensive testing. However as this search is carried out in extreme phase
space regions it was a priori to the search clear that we may not rely on the MC generators to describe
the data. Therefore data driven and semi-data driven background estimation techniques were used which
are described later on.

Further suppressing multi-jets background is the purpose of the following selection criteria, that
is a requirement on ∆φ( ji, Emiss

T ) . Mis-measurement of jet energy and emission of neutrinos from
heavy flavour decay leads to missing energy in the same direction as the jet. The SR selection requires
∆φ( ji, Emiss

T ) of up to the first three leading jets to be larger than 0.4 for SR A*, A, and B and for C,D
and E any further jet is required to have a ∆φ( ji, Emiss

T ) of larger than 0.2, whereas the CR serving as
normalization region for the multi-jet background requires ∆φ( ji, Emiss

T ) to be smaller 0.2. To test the
normalization in SR VR2 is defined within 0.2 < ∆φ( ji, Emiss

T ) < 0.4. The separation of the hardest jet
and Emiss

T is shown in Fig. 6.3.

The multi-jet background is further suppressed by the Emiss
T /meff (Nj) cut. Only events with a mini-

mum fraction of Emiss
T relative to meff are selected. The VR5 is defined as the inverse of this requirement.
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Figure 6.3: Distribution of the jet multiplicity in search channel A without the meff requirement. All
processes are estimated using MC normalized to the integrated luminosity. The light (yellow) band
shows the combined experimental uncertainties on the unscaled background estimates from jet energy
scale, jet energy resolution, the effect of pile-up, the treatment of energy outside of reconstructed jets and
MC simulation sample size. The medium (green) band includes also the total theoretical uncertainties.
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Figure 6.4: Distributions of the separation of the hardest jet and Emiss
T in φ and the ratio Emiss

T /meff (Nj)
in search channel A without the meff requirement. All processes are estimated using MC normalized to
the integrated luminosity. The light (yellow) band shows the combined experimental uncertainties on
the unscaled background estimates from jet energy scale, jet energy resolution, the effect of pile-up, the
treatment of energy outside of reconstructed jets and MC simulation sample size. The medium (green)
band includes also the total theoretical uncertainties.
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Note that the fraction Emiss
T /meff (Nj) decreases with jet multiplicity due to the signal efficiency. If the

jet multiplicity is high the channel is sensitive to multi-body SUSY decay chains. In those chains the
probability to have a large momentum of the LSP is smaller than in decay chains with less intermediate
states. This looser requirement on the higher multiplicity jets is also motivated by the fact that the cross
section for multi-jet events decreased with multiplicity.

The SR where the hypothesis tests are carried out are defined in meff (incl.). meff (incl.) further
suppresses background and is sensitive to any SUSY signal including jets and Emiss

T . Up to three meff

(incl.) values are specified per channel, which are defined as tight, medium and loose, depending on the
hardness of the requirement in meff (incl.).

6.7 Background Estimation

The background estimates require calculation of transfer functions and uncertainties between the control
regions and signal regions. The information of the absolute level of background and the uncertainties as
well as the observed data is fed into the likelihood which is constructed per signal region. Uncertainties
attached to the different estimation techniques are discussed, common to all of the techniques are uncer-
tainties from limited MC generation (MC stats.), jet energy scale calibration (JES), jet energy resolution
(JER), luminosity (lumi), changing pile-up conditions (Pileup), uncertainties from MC modelling (The-
ory) and limited data in the CRs (CR stats.).
The main irreducible background is coming from Z +jets and is dominated by Z → νν events. The back-
ground estimation technique is described in Sec. 6.7.1 and 6.7.2. Control samples requiring isolated
photons and jets are used and the reconstructed momentum of the photon is added to the PT,miss vector
to estimate the Emiss

T . As cross check Z(→ ee(µµ)) + jets events are used via di-leptonic control regions.
The multi-jet background TF is estimated using a jet smearing method where a jet response function is
defined allowing to smear low Emiss

T jet event to higher Emiss
T jet events. Control regions in which the cut

on the minimum azimuthal separation between PT,miss and jets is reversed and set to be smaller than 0.2.
This is described in Sec. 6.7.3
The W +jets background is mainly composed of W → τν events or W → lν events in which no electron
or muon candidate is reconstructed. It is estimated from a sample of events with a lepton, significant
Emiss

T and a transverse mass of the lepton-Emiss
T system between 30 GeV and 100 GeV consistent with the

W mass. A veto on jets from b-quark decays, using a secondary vertex requirement, is applied to split
events with top decays. The lepton in the events is treated as a jet to calculate the kinematic variables.
Hadronic τ decays in tt → bbτνqq and single top events can generate large Emiss

T and pass the jet and
lepton requirements. The background from top quark events is estimated using the same procedure as
that used for W → ν+jets events, but replacing the b-veto with a b-tag requirement. Both the W+jets and
tt̄ +jets estimate is described in Sec. 6.7.4
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Control region/Process
Signal Region

SRC loose SRE loose SRA medium SRAp medium SRC medium SRE medium SRA tight SRB tight SRC tight SRD tight SRE tight

SR 210 148 59 85 36 25 1 1 14 9 13

CR1a / Z/γ+jets 223 77 90 170 48 26 9 5 6 3 11

CR1b / Z/γ+jets 28 0 12 25 6 0 1 1 3 2 0

CR2 / QCD jets 192 243 30 16 42 67 4 5 10 11 29

CR3 / W+jets 234 57 77 178 60 25 10 8 16 13 13

CR4 / tt̄+ Single Top 164 87 26 63 51 35 18 17 14 13 15

Table 6.5: Observed data counts in all signal and control regions.

Control region/Process
Signal Region

SRC loose SRE loose SRA medium SRAp medium SRC medium SRE medium SRA tight SRB tight SRC tight SRD tight SRE tight

CR1a / Z/γ+jets 0.32 0.27 0.36 0.39 0.34 0.32 0.3 0.38 0.32 0.29 0.31

CR1b / Z/γ+jets 2.9 6.5 2.5 2.2 2.9 5 5.3 4.2 1.8 2.1 2.7

CR2 / multi jets 0.016 0.048 0.032 0.1 0.003 0.038 0.009 0.011 0.0034 0.02 0.04

CR3 / W+jets 0.36 0.74 0.31 0.19 0.2 0.39 0.25 0.14 0.16 0.26 0.26

CR4 / tt̄+ Single Top 0.52 0.92 0.34 0.23 0.3 0.62 0.013 0.022 0.15 0.2 0.32

Table 6.6: Summary of initial Transfer Factors from the main control regions of each background
component in every channel.

Single top is estimated via MC and normalized alongside the tt̄ process, Wbb is present in the tt̄ domi-
nated CR4 and normalized alongside the W+jets process. Diboson processes are normalized to luminos-
ity and taken from MC. Background from non-collision sources was found to negligible.
The information on backgrounds via MC or data driven methods as well as the observed data in all region
is fed into a likelihood for each channel. The observed events in data in all region used in the analyses are
summarized in Tab. 6.5. The information obtained by the estimation of the extrapolation from CRs top
SRs via TF are shown in Tab. 6.6, which shows an overview of the central values of TFs. The calculation
of those TF are described in the following sections.

The background estimates are not independent from each other, so transfer functions between control
regions have to be considered as well to ensure a coherent simultaneous normalization. The transfer fac-
tors and uncertainties obtained from these techniques are fully tabulated in Appendix E, as an examples
the inter-CR TF are given for the channel SR-C medium in Tab. 6.7 as well as full list of estimated uncer-
tainties for the TF to the signal region for the same channel SR-C medium in Tab. 6.8. All uncertainties
listed are parametrised as nuisance parameters in the likelihood defined in Sec. 6.9.2. A quantitative
discussion of the impact of uncertainties to the analysis is given in Sec. 6.11.

6.7.1 Z(→ νν)+jets estimate using a γ + jets control region

The main irreducible background in this analysis is Z(→ νν)+jets. However a small component of
Z(→ ee/µµ/ττ)+jets survives the SR selection cuts.
Two different samples are defined to control this background, that is a sample of γ+jets events (CR1a)
and Z(→ ``)+jets sample (CR1b). The interpolation to the SR is done via MC estimates. As can be
seen in Tab. 6.5, the CR1b data statistic is very poor, so the estimate of Z+jets in the SR is mainly based
on the photon sample method. This is because the cross-section for photon production is considerably
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Region Main CR/Process

CR1a / Z/γ+jets CR2 / multi jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

CR1a 1 0 0 0

CR2 0.097 1 0.37 0.2 0.85

CR4 0.0032 0 1 0.093 0.028

CR3 0.0073 0 0.36 1 0.064

CR1b 0 0.027 0 1

SR 0.34 0.003 0.3 0.2 2.9

Table 6.7: Initial cross Transfer Factors for SRC (medium).

Region Main CR/Process

CR1a / Z/γ+jets CR2 / multi jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

Central value 0.34 0.003 0.3 0.2 2.9

JER 0.0029
0

0.022
0

−0.00042
0

1.5
0

JES 0.0094
−0.028

0.018
−0.0026

0.018
−0.01

0.82
0.68

Pileup 0
−0.0057

0
−0.009

l resoln. −0.0014
0.0059

−0.00091
0.00063

0
−0

Trigger −0.0017
0.0018

−0.0011
0.0011

−0.037
0.038

b-tag/veto eff. −0.017
0.025

−0.0032
0.0033

acc. Z+jets/ γ 0.09
−0.09

l scale. −0.0016
0.0047

−0.00077
0.00021

0
−0.071

QCD smear. 0.0047
−0.0014

MET CellOut cluster 0.00093
−0.00029

0.0012
0.00087

0.002
−0.0021

Top Theory 0.08
−0.08

l eff. −0.0022
0.0023

−0.0013
0.0013

−0.043
0.044

MET CellOut pileup 7.9e−05
−0.0022

−0.0011
−9.5e−05

−1.8e−05
−0.0017

PDF −0.0026
0.0037

−0.0038
0.008

Z+jets Theory 0.035
−0.035

MC stat. 0.057
−0.057

0.027
−0.027

0.66
−0.66

W+jets Theory 0.043
−0.043

Table 6.8: Initial uncertainties of Transfer Factors to signal region for SRC (medium).
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larger than that for Z production.
The magnitude of the irreducible background from Z → νν events in the SRs is estimated using a photon
+ jets sample. At large transverse momenta the Z and γ production cross sections mainly differ by their
coupling constants with respect to quarks. The ratio of the cross section of γ+jets and Z → νν+jets
should therefore be constant in a large part of phase space and thus provides an good estimate for an
interpolation to the SR. Furthermore a lot of systematic uncertainties e.g. MC modelling issues cancel
out in this ratio.

The control sample is defined by selecting photon events. The sample is defined having exactly one
isolated photon, which fulfills the ’tight’ criteria as in the ATLAS prompt photon cross section analysis
[114]. The photon trigger has an efficiency close to 100 % at a pT of 85 GeV of the photon. The photons
are required to lie within |η| < 1.37 and 1.52 ≤ |η| < 2.37.
The event selection criteria from Tab. 6.6 are applied. In the overlap removal of objects an additional
step is included, that is any jet within ∆R = 0.2 of the leading photon is removed.
The photon events are then modified to estimate the proper amount of Emiss

T in the event. The contribution
from photons to the missing momentum vector ~Emiss

T is removed, thus the Emiss
T does behave as if the

Emiss
T is from Z → νν.

To estimate the proper amount of Z → νν + jets events in the SRs each CR1a event is scaled by
factors correcting for experimental acceptance and efficiencies for the photons according to

NZνν
(
pV

T ,meff(incl.)
)

= Nγ
(
pV

T ,meff(incl.)
)
·

 1
εγ(pV

T ) · Aγ(pV
T )
· RZ/γ(pV

T ) · Br(Z → νν)
 , (6.5)

with εγ · Aγ being the reconstruction efficiency and detector acceptance for reconstructed photons and
are corrected for effects that are not present for Z boson background events in the SR. These effect are
estimated from ratio between the MC γ pT distributions in the CRs with and without including the photon
event selection step. The combined reconstruction efficiency and detector acceptance is 86%, with an
uncertainty of less than 1% and decreases with increasing photon pT . A further uncertainty of 5% is
included to account for differences in efficiency of the photon isolation criteria in different event samples.
Backgrounds of multi-jets and W decays where a lepton is misidentified as photon are found to be < 1%
and thus are neglected, however a 5% uncertainty is assigned to the number of events.
RZ/γ(pV

T ) · Br(Z → νν) is the cross-section ratio for Z → νν production over γ production taken from
ALPGENMC. A conservative estimate of the uncertainty on the cross section ratio is made of 25%. Studies
showed that the ratio is not completely independent from phase space consideration, i.e. different jet
multiplicities. Thus studies have been carried out with PYTHIA8 [117] and GAMBOS/VECBOS [118].
The uncertainties are combined into one nuisance parameter and referred to as ”acc. Z+jets/ γ” further
in the text. JES, JER and the impact of changing pile-up conditions on Emiss

T (MET CellOut pileup and
MET CellOut cluster) are modelled as nuisance parameters as well.
The full Z+jet estimation in the SR is then obtained by multiplying the amount of estimated Zνν + jets
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event by the ratio of Z(→ νν/ee/µµ/ττ)+jets to Zνν+jets events for each SR. This correction factor cZ is
tabulated in Tab. 6.9.
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Signal Region cZ

SRA medium 1.01 ± 0.07
SRA tight 1 ± 0.2
SRAp medium 1.07 ± 0.07
SRB tight 1 ± 0.3
SRC loose 1.11 ± 0.05
SRC medium 1.1 ± 0.1
SRC tight 1 ± 0.2
SRD tight 1 ± 0.2
SRE loose 1.03 ± 0.09
SRE medium 1.09 ± 0.19
SRE tight 1 ± 0.2

Table 6.9: Ratio cZ of Z + jets to Z → νν+ jets in the SR obtained by MC. The shown uncertainties are
those from limited MC statistics.
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Process Generator Dataset ID Cross-section [pb] k-factor Efficiency
Z → ee (NP0) ALPGEN 107650 6.7e+02 1.2 1
Z → ee (NP1) ALPGEN 107651 1.3e+02 1.2 1
Z → ee (NP2) ALPGEN 107652 41 1.2 1
Z → ee (NP3) ALPGEN 107653 11 1.2 1
Z → ee (NP4) ALPGEN 107654 2.9 1.2 1
Z → ee (NP5) ALPGEN 107655 0.83 1.2 1

Z → eebb (NP0) ALPGEN 109300 6.6 1.2 1
Z → eebb (NP1) ALPGEN 109301 2.5 1.2 1
Z → eebb (NP2) ALPGEN 109302 0.89 1.2 1
Z → eebb (NP3) ALPGEN 109303 0.39 1.2 1

Table 6.10: Z → ee + jets MC samples used in this thesis. Listed are the process, the generator, a ID
for bookkeeping, the cross-section, the k-factor and the efficiency.

Process Generator Dataset ID Cross-section [pb] k-factor Efficiency
Z → µµ (NP0) ALPGEN 107660 6.7e+02 1.2 1
Z → µµ (NP1) ALPGEN 107661 1.3e+02 1.2 1
Z → µµ (NP2) ALPGEN 107662 40 1.2 1
Z → µµ (NP3) ALPGEN 107663 11 1.2 1
Z → µµ (NP4) ALPGEN 107664 2.8 1.2 1
Z → µµ (NP5) ALPGEN 107665 0.77 1.2 1

Z → µµbb (NP0) ALPGEN 109305 6.6 1.2 1
Z → µµbb (NP1) ALPGEN 109306 2.5 1.2 1
Z → µµbb (NP2) ALPGEN 109307 0.89 1.2 1
Z → µµbb (NP3) ALPGEN 109308 0.39 1.2 1

Table 6.11: Z → µµ + jets MC samples used in this thesis. Listed are the process, the generator, a ID
for bookkeeping, the cross-section, the k-factor and the efficiency.

6.7.2 Z+jets estimate using a Z(→ ``) + jets control region

An alternative approach to estimate the Z +jets contribution to the SR is via the control region CR1b
containing two opposite sign electrons or muons with a pT larger than 25 and 20 GeV for electrons and
larger than 20 and 20 GeV for muons, respectively. The leading lepton is required to have a pT larger
than 25 GeV to be in the plateau of the trigger. To select events from Z decays the invariant mass of the
di-lepton invariant mass is required to lie in 66 GeV < m(ll) < 116 GeV . The vector of the reconstructed
Z is added to the measured ~Emiss

T to estimate the Emiss
T amount properly. The selection criteria are relaxed

with respect to the SR selections as the data statistics turned out to be too poor. That is the requirement on
∆φ( ji, Emiss

T ) and Emiss
T /meff are ignored. This introduced an additional uncertainty in the extrapolation

from the CR to the SR. The MC samples of the the processes Z → ee + jets, Z → µµ + jets and
Z → ττ + jets used are listed in Tabs. 6.10, 6.11 and 6.12, respectively. The MC samples used to
estimate the Z → νν + jets processes are listed in Tab. 6.13. The k-factors are used to normalize the
generated event samples to NNLO precision and are derived from Ref. [119]. The meff distributions
of this selection are shown in Fig. 6.5. The ALPGEN Z-estimate is plotted in blue. The selection is
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Process Generator Dataset ID Cross-section [pb] k-factor Efficiency
Z → ττ (NP0) ALPGEN 107670 6.7e+02 1.2 1
Z → ττ (NP1) ALPGEN 107671 1.3e+02 1.2 1
Z → ττ (NP2) ALPGEN 107672 40 1.2 1
Z → ττ (NP3) ALPGEN 107673 11 1.2 1
Z → ττ (NP4) ALPGEN 107674 2.8 1.2 1
Z → ττ (NP5) ALPGEN 107675 0.77 1.2 1

Z → ττbb (NP0) ALPGEN 109310 6.6 1.2 1
Z → ττbb (NP1) ALPGEN 109311 2.5 1.2 1
Z → ττbb (NP2) ALPGEN 109312 0.89 1.2 1
Z → ττbb (NP3) ALPGEN 109313 0.39 1.2 1

Table 6.12: Z → ττ + jets MC samples used in this thesis. Listed are the process, the generator, a ID
for bookkeeping, the cross-section, the k-factor and the efficiency.

Process Generator Dataset ID Cross-section [pb] k-factor Efficiency
Z → νν (NP0) ALPGEN 107710 3.6e+03 1.3 0.0075
Z → νν (NP1) ALPGEN 107711 7.4e+02 1.3 0.61
Z → νν (NP2) ALPGEN 107712 2.2e+02 1.3 0.88
Z → νν (NP3) ALPGEN 107713 62 1.3 0.97
Z → νν (NP4) ALPGEN 107714 16 1.3 0.99

Z → νν (NP1) pT > 20 ALPGEN 144192 37 1.3 0.35
Z → νν (NP2) pT > 20 ALPGEN 144193 34 1.3 0.3
Z → νν (NP3) pT > 20 ALPGEN 144194 16 1.3 0.34
Z → νν (NP4) pT > 20 ALPGEN 144195 5.5 1.3 0.4
Z → νν (NP5) pT > 20 ALPGEN 144017 3.6 1.3 1
Z → νν (NP6) pT > 20 ALPGEN 144021 0.92 1.3 1

Z → ννbb (NP0) pT > 20 ALPGEN 118962 33 1.3 1
Z → ννbb (NP1) pT > 20 ALPGEN 118963 14 1.3 1
Z → ννbb (NP2) pT > 20 ALPGEN 118964 5.2 1.3 1
Z → ννbb (NP3) pT > 20 ALPGEN 118965 1.6 1.3 1

Table 6.13: Z → νν + jets MC samples used in this thesis. Listed are the process, the generator, a ID
for bookkeeping, the cross-section, the k-factor and the efficiency.
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quite clean, only a very small fraction of diboson events in the low jet multiplicity channels and tt̄ events
in the high jet multiplicity channels are visible. However even with relaxed criteria the data statistics
stays poor for the tight channels and even in the high jet multiplicity channel for SR-E loose.

The TF are defined as
T F =

N(Z(→ νν/ee/µµ/ττ) + jets)MC,S R

N(Z(→ νν/ee/µµ/ττ) + jets)MC,CR
(6.6)

with N(Z(→ νν/ee/µµ/ττ) + jets)MC,S R being the amount of Z+jets event estimated from ALPGEN
MC in the SR and N(Z(→ νν/ee/µµ/ττ) + jets)MC,S R the amount of Z+jets event estimated from ALP-
GEN MC in the CR.
Additional uncertainties to the common ones on the TF come from limited number of generated MC
events, the electron and muon energy resolutions, the electron and muon selection efficiencies, the elec-
tron trigger efficiency and the electron energy scale calibration.
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Figure 6.5: me f f (incl.) distributions of all search channels A-E in CR1b. Each top panel shows the SM background
expectations. MC simulation expectations are normalized to luminosity. The multi-jet background is estimated using the jet
smearing method described in the text. Two benchmark model points with m(χ̃0) =0 TeV, m(q̃)=1.0 TeV, m(g̃)=2.0 TeV and
m(χ̃0) =0 TeV, m(q̃)=2.0 TeV, m(g̃)=1.0 TeV, respectively. The arrows indicate the locations of the lower edges of the signal
regions. The bottom panel shows the fractional deviation of the data from the total unscaled background estimate. The light
(yellow) band shows the combined experimental uncertainties on the unscaled background estimates from jet energy scale, jet
energy resolution, the effect of pile-up, the treatment of energy outside of reconstructed jets and MC simulation sample size.
The medium (green) band includes also the total theoretical uncertainties.
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Process Generator Dataset ID Cross-section [pb] k-factor Efficiency
Di-jet (2→ 2) J0 PYTHIA 105009 9.9e+09 1 1
Di-jet (2→ 2) J1 PYTHIA 105010 6.8e+08 1 1
Di-jet (2→ 2) J2 PYTHIA 105011 4.1e+07 1 1
Di-jet (2→ 2) J3 PYTHIA 105012 2.2e+06 1 1
Di-jet (2→ 2) J4 PYTHIA 105013 8.8e+04 1 1
Di-jet (2→ 2) J5 PYTHIA 105014 2.4e+03 1 1
Di-jet (2→ 2) J6 PYTHIA 105015 34 1 1
Di-jet (2→ 2) J7 PYTHIA 105016 0.14 1 1
Di-jet (2→ 2) J8 PYTHIA 105017 6e-06 1 1

Table 6.14: multi-jets MC samples used in this thesis. Listed are the process, the generator, a ID for
bookkeeping, the cross-section, the k-factor and the efficiency.

6.7.3 QCD multi-jets

As discussed before the analysis is designed to reject multi-jet event by criteria on Emiss
T , ∆φ( ji, Emiss

T ) ,
and pT of jets, the expected amount of background in the SR of this kind is very small. Nevertheless it
is important to estimate its contribution properly, as any observed excess must be clearly distinguished
from this process. High cross section and a low acceptance makes it impossible to estimate via MC
estimation, thus a data driven approach was followed. A detailed description of the method is given in
Ref. [5]. A sample multi jets data at low Emiss

T with large statistics is considered. A response function
for jets is defined to model the response of the calorimeters, which is ”tuned” by MC and additional data
samples. The MC samples used are listed in Tab. 6.14. Pythia as a parton shower MC program describes
parton radiation as successive parton emissions. The generation of these successive parton emission is
splitted into the number X of additional partons emitted and labelled with JX in the table. These MC
samples are not adequate to estimate the multi-jets background process in the phase space region of large
meff , but are used for studies at low Emiss

T .
The effects of jet mis-measurement Emiss

T from neutrinos and muons in heavy flavor decays are mod-
elled with MC into the response function. Any other effects, also from MC modelling are tried to be
compensated by two dedicated sideband measurements. Events with large Emiss

T are generated using this
response function and the low Emiss

T jet events . These events can be used to determine the meff and
∆φ( ji, Emiss

T ) distribution to calculate the TF between the control region for the multi jet process and
the signal region. That is the TF from low ∆φ( ji, Emiss

T ) events to higher ∆φ( ji, Emiss
T ) events. The TF

obtained by this method are summarized in table 6.7. The combined uncertainty on the TF including
those from interpolation effect, modelling of the response function, JES, JER and limited MC statistics
is summarized in ’QCD smear.’ e.g. in Tab. 6.8. The meff distribution in CR2 are shown in Fig. 6.6. An
alternative approach was followed in Ref. [120] leading to similar results.
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Figure 6.6: me f f (incl.) distributions of all search channels A-E in CR2. Each top panel shows the SM background
expectations. MC simulation expectations are normalized to luminosity. The multi-jet background is estimated using the jet
smearing method described in the text. Two benchmark model points with m(χ̃0) =0 TeV, m(q̃)=1.0 TeV, m(g̃)=2.0 TeV and
m(χ̃0) =0 TeV, m(q̃)=2.0 TeV, m(g̃)=1.0 TeV, respectively. The arrows indicate the locations of the lower edges of the signal
regions. The bottom panel shows the fractional deviation of the data from the total unscaled background estimate. The light
(yellow) band shows the combined experimental uncertainties on the unscaled background estimates from jet energy scale, jet
energy resolution, the effect of pile-up, the treatment of energy outside of reconstructed jets and MC simulation sample size.
The medium (green) band includes also the total theoretical uncertainties.
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6.7.4 W+jets and t t̄

The W+jets and tt̄ and single top background is estimated via the control regions CR3 and CR4 and MC
based TFs. The dominant source of background from tt̄ + jets or W +jets are decays which are lepton-
ically, but the lepton is out of acceptance, not reconstructed or a hadronically decaying τ is involved.
Thus the control regions require exactly one isolated electron or muon. The transverse mass MT of the
lepton and PT,miss system is required to lie within 30 GeV and 100 GeV. The lepton is then transformed
into a jet and further counted as an additional jet, as if e.g. an electron is reconstructed as a jet. If a muon
is not reconstructed it usually contributes to the Emiss

T İn τ decays jets from the hadrons and Emiss
T from the

neutrino can occur. The choice of treating all leptons as jets is due to the fact that the main component of
this background consists of hadronically decaying τ and that this ways a large statistics sample could be
constructed from the electron and muon channel. CR3 targeted at W+jets requires a b-jet veto and CR4
targeted at tt̄ +jets requires at least one b-tagged jet. Via this requirement the number of events popu-
lating both regions are to some extend anti-correlated, as e.g. an uncertainty on the b-tagging efficiency
could swap events from one region into another. The ∆φ( ji, Emiss

T ) and Emiss
T /meff (Nj) requirements are

not applied to increase statistics of the data samples.
The MC samples used for tt̄ and single top are listed in Tab. 6.15. The cross sections and k-factors were
calculated for a top quark mass of 172.5 GeV/c2 and obtained from approximate NNLO QCD calcu-
lations [121].The samples used for W → eν + jets, W → µν + jets and W → τν + jets background
estimation are listed in Tab. 6.16, 6.17 and 6.18, respectively. The k-factors are used to normalize the
generated event samples to NNLO precision and are derived from Ref. [119].

As this samples require lepton and b-jet criteria, several weights are applied to the MC samples
involved. The efficiency of an electron or an muon being identified is different in data and MC. This effi-
ciency is corrected for in the CR and the corresponding inefficiency corrected for in the SR as function of
η and the lepton pT . The lepton resolution differs as well between data and MC and is therefore adjusted
in the MC. The b-tag efficiency is as well different in data and MC [109, 109], thus it must be corrected
for in CR4 and the inefficiency in CR3 , respectively (but not in the SR).
The TFs were calculated between CR and SR as well as between CRs as shown in e.g. for SRC medium
in Tab. 6.7. Uncertainties specific to these regions modelled as nuisance parameters as listed in e.g. for
SRC medium in Tab. 6.8. These are terms from the lepton resolution (l resoln.), the lepton energy scale
(l scale.), the b-tag efficiency (b-tag/veto eff.) and the uncertainties associated with the MC modelling of
the W+jets (W+jets Theory) and tt̄ +jets (Top Theory). The theoretical uncertainties include variations
of hadronisation and factorization scales and effects of extra radiation of jets.
Fig. 6.7 and Fig. 6.8 show the meff distributions in CR3 and CR4. The ALPGEN MC estimate of W+jets
is plotted in light blue, the tt̄ component in green. In CR3 W+jets is dominant in CR4 tt̄ +jets is dom-
inant, but there is non-negligible contamination of tt̄ in CR3 and W+jets in CR4. Thus a simultaneous
normalization is needed.
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Process Generator Dataset ID Cross-section [pb] k-factor Efficiency
tt̄ → lνlν (NP0) ALPGEN 105890 3.5 1.7 1
tt̄ → lνlν (NP1) ALPGEN 105891 3.4 1.7 1
tt̄ → lνlν (NP2) ALPGEN 105892 2.1 1.7 1
tt̄ → lνlν (NP3) ALPGEN 117897 0.95 1.7 1
tt̄ → lνlν (NP4) ALPGEN 117898 0.33 1.7 1
tt̄ → lνlν (NP5) ALPGEN 117899 0.13 1.7 1
tt̄ → lνqq (NP0) ALPGEN 105894 14 1.8 1
tt̄ → lνqq (NP1) ALPGEN 105895 14 1.8 1
tt̄ → lνqq (NP2) ALPGEN 105896 8.4 1.8 1
tt̄ → lνqq (NP3) ALPGEN 117887 3.8 1.8 1
tt̄ → lνqq (NP4) ALPGEN 117888 1.3 1.8 1
tt̄ → lνqq (NP5) ALPGEN 117889 0.5 1.8 1

t → eν (t − chan.) AcerMC 117360 7 1 1
t → µν (t − chan.) AcerMC 117361 7 1 1
t → τν (t − chan.) AcerMC 117362 7 1 1
t → eν (s − chan.) AcerMC 117363 0.5 1 1
t → µν (s − chan.) AcerMC 117364 0.5 1 1
t → τν (s − chan.) AcerMC 117365 0.5 1 1

Wt − chan. AcerMC 105500 16 1 1

Table 6.15: tt̄ and single top MC samples used in this thesis. Listed are the process, the generator, a ID
for bookkeeping, the cross-section, the k-factor and the efficiency.

Process Generator Dataset ID Cross-section [pb] k-factor Efficiency
W → eν (NP0) ALPGEN 107680 6.9e+03 1.2 1
W → eν (NP1) ALPGEN 107681 1.3e+03 1.2 1
W → eν (NP2) ALPGEN 107682 3.8e+02 1.2 1
W → eν (NP3) ALPGEN 107683 1e+02 1.2 1
W → eν (NP4) ALPGEN 107684 26 1.2 1

W → eν (NP1) pT > 20 ALPGEN 144196 1.3e+03 1.2 0.0057
W → eν (NP2) pT > 20 ALPGEN 144197 3.8e+02 1.2 0.017
W → eν (NP3) pT > 20 ALPGEN 144198 1e+02 1.2 0.034
W → eν (NP4) pT > 20 ALPGEN 144199 26 1.2 0.056
W → eν (NP5) pT > 20 ALPGEN 144018 5.8 1.2 1
W → eν (NP6) pT > 20 ALPGEN 144022 1.5 1.2 1

Table 6.16: W → eν + jets MC samples used in this thesis. Listed are the process, the generator, a ID
for bookkeeping, the cross-section, the k-factor and the efficiency.
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Process Generator Dataset ID Cross-section [pb] k-factor Efficiency
W → µν (NP0) ALPGEN 107690 6.9e+03 1.2 1
W → µν (NP1) ALPGEN 107691 1.3e+03 1.2 1
W → µν (NP2) ALPGEN 107692 3.8e+02 1.2 1
W → µν (NP3) ALPGEN 107693 1e+02 1.2 1
W → µν (NP4) ALPGEN 107694 26 1.2 1

W → µν (NP1) pT > 20 ALPGEN 144200 1.3e+03 1.2 0.0054
W → µν (NP2) pT > 20 ALPGEN 144201 3.8e+02 1.2 0.016
W → µν (NP3) pT > 20 ALPGEN 144202 1e+02 1.2 0.034
W → µν (NP4) pT > 20 ALPGEN 144203 26 1.2 0.056
W → µν (NP5) pT > 20 ALPGEN 144019 5.8 1.2 1
W → µν (NP6) pT > 20 ALPGEN 144023 1.5 1.2 1

Table 6.17: W → µν + jets MC samples used in this thesis. Listed are the process, the generator, a ID
for bookkeeping, the cross-section, the k-factor and the efficiency.

Process Generator Dataset ID Cross-section [pb] k-factor Efficiency
W → τν (NP0) ALPGEN 107700 6.9e+03 1.2 1
W → τν (NP1) ALPGEN 107701 1.3e+03 1.2 1
W → τν (NP2) ALPGEN 107702 3.8e+02 1.2 1
W → τν (NP3) ALPGEN 107703 1e+02 1.2 1
W → τν (NP4) ALPGEN 107704 26 1.2 1

W → τν (NP1) pT > 20 ALPGEN 144204 1.3e+03 1.2 0.0084
W → τν (NP2) pT > 20 ALPGEN 144205 3.8e+02 1.2 0.024
W → τν (NP3) pT > 20 ALPGEN 144206 1e+02 1.2 0.05
W → τν (NP4) pT > 20 ALPGEN 144207 26 1.2 0.082
W → τν (NP5) pT > 20 ALPGEN 144020 5.8 1.2 1
W → τν (NP6) pT > 20 ALPGEN 144024 1.5 1.2 1

Table 6.18: W → τν + jets MC samples used in this thesis. Listed are the process, the generator, a ID
for bookkeeping, the cross-section, the k-factor and the efficiency.
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Process Generator Dataset ID Cross-section [pb] k-factor Efficiency
Z → µµqqqq SHERPA 125951 0.45 1.5 1
Z → ttqqqq SHERPA 125952 0.44 1.5 1
Z → eeqqqq SHERPA 125956 0.48 1.5 1
Z → µµqqqq SHERPA 125957 0.48 1.5 1
Z → ttqqqq SHERPA 125958 0.47 1.5 1
WW → lνlν SHERPA 128810 3 1.5 1
WZ → lllν SHERPA 128811 0.36 1.5 1
WZ → lllν SHERPA 128812 1 1.5 1
ZZ → llll SHERPA 128813 0.27 1.5 1
ZZ → llνν SHERPA 128814 0.24 1.5 1
ZZ → llνν SHERPA 128814 0.24 1.5 1
WZ → lννν SHERPA 143062 0.72 1.5 1
WZ → qqνν SHERPA 143063 1.4 1.5 1
W → lνqqq SHERPA 143064 25 1.5 1
Z → ννqqq SHERPA 143065 1.3 1.5 1

Table 6.19: Di-boson MC samples used in this thesis. Listed are the process, the generator, a ID for
bookkeeping, the cross-section, the k-factor and the efficiency.

6.7.5 Diboson

Diboson processes are taken from the SHERPA MC generator at LO. The separate components are listed
in Tab. 6.19. The k-factors are used to normalize the generated event samples to NLO precision and
are derived from Ref. [119]. A conservative 50% uncertainty on the number of events is applied to this
background and further referred to as ’Generic Diboson’ uncertainty.
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Figure 6.7: me f f (incl.) distributions of all search channels A-E in CR3. Each top panel shows the SM background
expectations. MC simulation expectations are normalized to luminosity. The multi-jet background is estimated using the jet
smearing method described in the text. Two benchmark model points with m(χ̃0) =0 TeV, m(q̃)=1.0 TeV, m(g̃)=2.0 TeV and
m(χ̃0) =0 TeV, m(q̃)=2.0 TeV, m(g̃)=1.0 TeV, respectively. The arrows indicate the locations of the lower edges of the signal
regions. The bottom panel shows the fractional deviation of the data from the total unscaled background estimate. The light
(yellow) band shows the combined experimental uncertainties on the unscaled background estimates from jet energy scale, jet
energy resolution, the effect of pile-up, the treatment of energy outside of reconstructed jets and MC simulation sample size.
The medium (green) band includes also the total theoretical uncertainties.
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Figure 6.8: me f f (incl.) distributions of all search channels A-E in CR4. Each top panel shows the SM background
expectations. MC simulation expectations are normalized to luminosity. The multi-jet background is estimated using the jet
smearing method described in the text. Two benchmark model points with m(χ̃0) =0 TeV, m(q̃)=1.0 TeV, m(g̃)=2.0 TeV and
m(χ̃0) =0 TeV, m(q̃)=2.0 TeV, m(g̃)=1.0 TeV, respectively. The arrows indicate the locations of the lower edges of the signal
regions. The bottom panel shows the fractional deviation of the data from the total unscaled background estimate. The light
(yellow) band shows the combined experimental uncertainties on the unscaled background estimates from jet energy scale, jet
energy resolution, the effect of pile-up, the treatment of energy outside of reconstructed jets and MC simulation sample size.
The medium (green) band includes also the total theoretical uncertainties.
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6.8 Validation regions

Two kinds of validation regions are defined. VR1b and VR1c are sensitive to fully leptonic tt̄ decays as
they require as CR1b exactly two opposite sign leptons. In VR1b the di-lepton invariant mass m(ll) is
required to be within |m(ll)−m(Z)| > 25 GeV . The meff distributions are shown in Fig. 6.9. The statistics
due to the requirement of the two leptons is poor especially in the high meff and high jet multiplicity
channels, the cross check with this region is only meaningful in the low meff and low jet multiplicity
channels.
VR1c does require exactly two opposite sign leptons with opposite flavour (electron and muon) with a
pT requirement of 25 GeV for electrons and 20 GeV for muons, repsectively. No cut on the di-lepton
invariant mass is applied. Fig. 6.10 shows the meff distribution for all search channels, and as in VR1b
the cross check with this region is only meaningful in low meff and low jet multiplicity search channels.

The other set of validation regions are targeted mainly at multi-jets events. A property of the multi-
jets background is that jets and Emiss

T point in the same direction. Using this fact CR2 was defined with
a cut on ∆φ( ji, Emiss

T ) of the selected jets to be smaller than 0.2. VR2 is defined in the intermediate
∆φ( ji, Emiss

T ) region so that 0.2 < ∆φ( ji, Emiss
T )(min) < 0.4, with ∆φ( ji, Emiss

T ) (min) being the the min-
imum of the three hardest jets with pT > 40 GeV . The meff distributions are shown in Fig. 6.11. The
intermediate ∆φ( ji, Emiss

T ) region is enriched with all background processes involved in this search, thus
it provides a good candidate to cross check the simultaneous normalization of all processes.
VR5 requires the Emiss

T /meff(N j) cut to be inverted per channel, the meff distributions are shown in
Fig. 6.12. VR5 is as well populated by all almost all background processes involved. For low values
of meff(incl) the distribution of data and MC expectation normalized to luminosity plus the data driven
multi-jets estimate seem to match quite well, but the at higher values of meff(incl) the data exceed the
prediction. These events do carry only a small amount of Emiss

T and the data driven multi-jets prediction
carries a large uncertainty. Thus it does not serve as a good validation region.
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Figure 6.9: me f f (incl.) distributions of all search channels A-E in VR1b. Each top panel shows the SM background
expectations. MC simulation expectations are normalized to luminosity. The multi-jet background is estimated using the jet
smearing method described in the text. The arrows indicate the locations of the lower edges of the signal regions. The bottom
panel shows the fractional deviation of the data from the total unscaled background estimate. The light (yellow) band shows
the combined experimental uncertainties on the unscaled background estimates from jet energy scale, jet energy resolution, the
effect of pile-up, the treatment of energy outside of reconstructed jets and MC simulation sample size. The medium (green)
band includes also the total theoretical uncertainties.
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Figure 6.10: me f f (incl.) distributions of all search channels A-E in VR1c. Each top panel shows the SM background
expectations. MC simulation expectations are normalized to luminosity. The multi-jet background is estimated using the jet
smearing method described in the text. The arrows indicate the locations of the lower edges of the signal regions. The bottom
panel shows the fractional deviation of the data from the total unscaled background estimate. The light (yellow) band shows
the combined experimental uncertainties on the unscaled background estimates from jet energy scale, jet energy resolution, the
effect of pile-up, the treatment of energy outside of reconstructed jets and MC simulation sample size. The medium (green)
band includes also the total theoretical uncertainties.
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Figure 6.11: me f f (incl.) distributions of all search channels A-E in VR2. Each top panel shows the SM background
expectations. MC simulation expectations are normalized to luminosity. The multi-jet background is estimated using the jet
smearing method described in the text. The arrows indicate the locations of the lower edges of the signal regions. The bottom
panel shows the fractional deviation of the data from the total unscaled background estimate. The light (yellow) band shows
the combined experimental uncertainties on the unscaled background estimates from jet energy scale, jet energy resolution, the
effect of pile-up, the treatment of energy outside of reconstructed jets and MC simulation sample size. The medium (green)
band includes also the total theoretical uncertainties.
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Figure 6.12: me f f (incl.) distributions of all search channels A-E in VR5. Each top panel shows the SM background
expectations. MC simulation expectations are normalized to luminosity. The multi-jet background is estimated using the jet
smearing method described in the text. The arrows indicate the locations of the lower edges of the signal regions. The bottom
panel shows the fractional deviation of the data from the total unscaled background estimate. The light (yellow) band shows
the combined experimental uncertainties on the unscaled background estimates from jet energy scale, jet energy resolution, the
effect of pile-up, the treatment of energy outside of reconstructed jets and MC simulation sample size. The medium (green)
band includes also the total theoretical uncertainties.
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6.9 Simultaneous Normalisation and Statistical Interpretation

6.9.1 Introduction

This section presents the statistical methods used for the interpretation of the observed data [9, 10]. Is is
mandatory to use the most accurate statistical methods available given the costs and effort that was put in
the LHC and accompanying experiments. Little improvements in e.g. sensitivity to specific models due
to improved statistical techniques can save valuable operation time of the LHC. Understanding the data
most precisely is even more important when it comes to decisions on future operation times of the LHC.
These arguments hold for every large scale experiment where the data taking is bound to enormous costs
and large human efforts.
A basic introduction on the use of likelihoods and other statistical methods in HEP can be found in
Ref. [122]. Hypothesis tests carried out in this analysis are based on the likelihood principle, which as-
sumes that we can build a likelihood function that reflects the experimental environment and theoretical
considerations accurately.
The likelihood and its components are implemented in the RooStats [123] framework which itself is
based on the RooFit [124] framework. RooFit is designed to allow for model building independent of the
specific choices of the probability density functions (pdf). RooStats is designed to use the models built
with RooFit for hypothesis testing. HistFactory [125] is a tool on top of RooStats and RooFit providing
solutions to likelihood model building in the most common cases.
The following Sec. 6.9.2 describes the construction of the likelihood function containing all information
on a measurement of a counting experiment per channel A–E loose to tight. The examination and use of
the likelihood is split in different modes, which are called “Background”, “Extended background” , “Dis-
covery” and “Exclusion” fit modes. The “Background” and the “Extended background” modes are used
to test the assumptions of the likelihood principle that the likelihood function reflects the experimental
environment and theoretical considerations given observations in phase space regions not sensitive to
supersymmetric signatures.
The “Background ” mode normalizes all background processes in all CR and is used to gather confidence
in the normalization procedure, but is not used to estimate the background contamination in the SR. The
“Extended background” mode normalizes all processes in the CR and VR. In the “Discovery ” mode the
SR is added to the fit together with a generic non-SM signal process in the SR.
The “Discovery ” and “Exclusion ” fit modes are used to interpret observations in phase space regions
sensitive to signatures from supersymmetric particles. The estimated background in Tab. 6.24 as well as
the breakdown of the uncertainties in Tab. 6.27 in the SR are calculated in the “Discovery” mode. In the
“Exclusion” mode the generic non-SM signal process is replaced by the signal prediction in SR and CRs
from a given signal model together with its experimental uncertainties.
The minimization of the likelihood coincides with a simultaneous normalization of the SM background
processes. A semi data-driven normalization of the main background processes is performed via the
simultaneous normalization of the SM processes in the various CR. Thus a consistent background esti-
mation and the proper propagation of statistical and systematic uncertainties in the SR is ensured.
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The simultaneous normalization should in principle work for any number of events populating the var-
ious regions, however problems arise when the number of observed events in some regions are small
or even zero. This situation is at the very edge of the profile likelihood idea and technical difficulties
occur. This is discussed with the help of a toy example in Appendix F. The simultaneous normalization
works from a technical point of view as long as there is no region with zero events. This fact was used
to find the lower bounds on the meff requirements on the CRs in Sec. 6.1 and was therefore included in
the optimization of the analysis.
Is the observed data in regions sensitive to supersymmetric particles compatible with the background
estimation or not is the core question in every analysis. The agreement or disagreement must be given in
a quantifiable way. Therefore a test statistic is defined based on the likelihood on which hypothesis tests
are carried out. Any hypothesis test distinguishes between two hypotheses. In general they are called
NULL-hypothesis H0 and alternate hypothesis H1. In HEP usually there are two kinds of hypothesis tests
of interest. The first case distinguishes between the SM expectation as NULL-hypothesis and the SM
plus a general non-SM signal as the alternative hypothesis. The second case distinguishes between the
SM expectation as NULL-hypothesis and the SM plus a specific, highly predictive signal model as the
alternative hypothesis. Which of the hypothesis is assigned to be the NULL-hypothesis and which the
alternative is not important as there is no qualitatively difference between them from a statistical point of
view.
In HEP a variety of test statistics have been used. In the LEP Higgs searches, e.g., a likelihood ratio
−2ln L(s+b)

L(b) was used. The test statistic used in this search is based on a Profile Log Likelihood Ratio
(PLLR) and is discussed in Sec. 6.9.5. Hypothesis tests are carried out to test the compatibility of the
data with the estimated background as well as to exclude data signal models based on the CLs [126]
prescription which is described in Sec. 6.9.5.3.

6.9.2 The likelihood function

In the following R is a representative for any counting region in this analysis and thus R ∈ (SR, CR1a,
CR1b, CR2, CR3, CR4, VR1b, VR1c, VR2, VR5) and i a representative for any background process
involved, that is those defined in the previous sections Z+jets (Z), multi-jets (QCD), W+jets(W), tt̄ (T)
and Diboson (D) so that i ∈ (Z,QCD,W,T,D).

The likelihood function differs slightly for the different modes. In the discovery and exclusion mode
the likelihood function for each of the channels A–E loose to tight is the product of Poisson distributions,
one for the signal region PSR and one for each of the control regions constraining the Z+jets (CR1a/b),
multi-jets (CR2), W+jets (CR3) and tt̄ (CR4) processes, labelled PCRX , with X ∈ (1a, 1b, 2, 3, 4) and of
the PDFs modelling the systematic uncertainties CSyst.

L(n|µ, s,N, θ) = PSR × PCR1a × PCR1b × PCR2 × PCR3 × PCR4 × CSyst (6.7)

with
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• n being the set of measurements. In particular n = (nS R, nCR1a, nCR1b, nCR2, nCR3, nCR4)

• µ denoting the process strength vector containing all free parameters of the likelihood model asso-
ciated directly with a process that is allowed to be scaled. In particular µ = (µ, µZ , µQCD, µW , µT )
with µ being the non-SM signal strength(the index S for signal is being omitted to be in agreement
with statistics conventions, that is µ = µS ). µi with i ∈ (Z,QCD,W,T ) is the strength associated
to the background process i. Elements of µ are free parameters in the model. A free parameter
is technically realized assuming a uniform distribution with no restriction on the domain (or such
that the parameter never hits the domain bounds). The initial strength for each background process
is 1.

• s being the vector of estimated non-SM signal events from MC in all regions R. In particular
s = (s, sCR1a, sCR1b, sCR2, sCR3, sCR4) with s being the estimated amount of signal in the SR (s =

sS R) and sR being the estimated amount of non-SM signal events in region R.

• N being the matrix of initially estimated background events per process i and per region R. That is
the entries of N are Ni,R. Ni,R are calculated either via MC normalized to the integrated luminosity
for W+jets, tt̄ and Diboson in all regions and Z+jets in CR1b or with data driven methods for
multi-jets in all regions and Z+jets in CR1a and SR as described in previous chapters.

• θ is the set of nuisance parameters that is used to parametrise systematic uncertainties.

Any PR depends on

PR = P(nR|λR(µ, sR, NR
i , θ)) (6.8)

with nR the observed event in region R and λR the Poisson mean. Furthermore λR depends on sR the
amount of non-SM signal in region R and NR

i the elements of Ni,R corresponding to region R and follows
the formula:

λR(µ, NR
i , θ) = µ · sR · Us,R(θ) +

∑
i

µi · NR
i · Ui,R(θ) + NR

D · UD,R(θ) (6.9)

Where as Ui,R(θ) is a function that parameterizes the systematic uncertainties on the NR
i with i ∈

(Z,QCD,W,T ). The Diboson process is not normalized via a CR and thus is not associated with a scal-
able strength parameter and appears as a seperate term NR

D · UD,R(θ.
Systematic uncertainties are included by constructing Ui,R(θ) and the corresponding probability density
function CS yst(θ). A general approach is described in Ref. [127]. Depending on the choice of the func-
tional form of CS yst(θ) the Ui,R(θ) are modelled. The standard choice for CS yst(θ) is a normal distribution
for each θ, thus Ui,R(θ) can be modelled as in the following

Ui,R(θ) =

(
1 +

∑
k

∆
i,R
k × θk

)
. (6.10)
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where ∆
i,R
k is the initially estimated relative impact of nuisance parameter θk on NR

i . θk underlies a nor-
mal distribution GS yst(θk) = CS yst(θk), its nominal value is 0 and is varied so that a value of ± 1 in θk

corresponds an effective shift of ±∆
i,R
k × NR

i on NR
i .

This procedure ensures a coherent treatment of correlated uncertainties. As an example serves the lu-
minosity uncertainty θlumi being initially estimated to be ∆

i,S R
lumi = ∆

i,CR
lumi = 2.7% on an initial estimate

from MC for process i normalized to integrated luminosity in a control region NCR
i and the signal

region NS R
i .The underlying distribution is Glumi(θlumi). Thus the terms NCR

i × (1 + ∆
i,CR
lumi × θk) and

NS R
i × (1 + ∆

i,S R
lumi × θk) do enter the likelihood via PS R and PCR and are simultaneously varied as in

both terms θk occurs.
The proper inclusion of uncertainties arising from using and combining several finite MC samples is
described in Ref. [128]. The treatment suggests to include for each MC sample a seperate term in the
likelihood function. However this leads to a large number of free paramters. To avoid this another ap-
proach is implemented in the HistFactory packagage. In each bin l with contributions from limited MC
sample sizes a nuisance paramters γl. The nuisance parameter γl is constructed so that it reflects the
mean uncertainty from limited MC sample size over all samples affected in bin l. Including γl in the
likelihood is done via expanding Ui,R(θ) to:

Ui,R(θ) =

(
1 +

∑
k

∆
i,R
k × θk

)
× γl . (6.11)

The pdf CS yst(γl) describes the behaviour of the γl and is described by a Poission distribution Poiss(γlτ)
with mean γlτ. γl is set to 1 and τ reflects the affected number of expected events in bin l. The full CS yst

function is then given by the product of all pdf terms describing the nuisance paramters θk associated
to systematic uncertainties CS yst(θk) and all pdf terms describing the nuisance paramters γl describing
limited MC sample size uncertainties CS yst(γl).

CS yst =
∏

k

CS yst(θk)
∏

l

CS yst(γl) (6.12)

The vector θ includes both θk and γl.
The TFs mentioned before in the text are used intrinsically in the likelihood. The CRs and the SR are
coupled via the process strength vector µ. The same µi corresponding to a background process i is present
in the λ parameter of the SR and the CRs. The µi are fixed by the measurements nCRX in the CR. The
amount of process i in SR bi,S R and a CR bi,CR is given by

bS R
i = µi × NS R

i × Ui,S R(θ) (6.13)

bCR
i = µi × NCR

i × Ui,CR(θ) (6.14)

(6.15)

The TFs and their uncertainties U are defined to be
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T Fi,CR→S R =
NS R

i

NCR
i

(6.16)

Ui,CR→S R =
Ui,S R(θ)
Ui,CR(θ)

=

(
1 +

∑
k

∆
i,CR→S R
k × θk

)
. (6.17)

Ui,S R→CR being the effective uncertainty function and ∆
i,CR→S R
k the relative uncertainty on T Fi,S R→CR.

In the example above with having the luminosity uncertainty as nuisance parameter θlumi present of the
same magnitude, that is 2.7% on the NCR

i and NS R
i the uncertainty ∆

i,CR→S R
lumi reduces to 0 as it cancels

exactly out in the ratio Ui,S R→CR. Any systematic uncertainty present in SR and CR is heavily reduced
using this setup, that is estimating the components of SM background in SR relative to CRs.
In the background mode the likelihood reduces to

L(n|µ, s,N, θ) = PCR1a × PCR1b × PCR2 × PCR3 × PCR4 × CSyst . (6.18)

so the SR is not present in the function.
In the extended background mode, that is the inclusion of i validation regions VR to the simultaneous
normalization the likelihood is expanded to have the form:

L(n|µ, s,N, θ) = PCR1a × PCR1b × PCR2 × PCR3 × PCR4 ×
∏
i∈VR

PVR,i × CSyst . (6.19)

6.9.3 Fit setups

6.9.3.1 Background fit

In the ’Background fit’ mode the likelihood is minimized excluding the SR and VRs and excluding the
non-SM signal strength µ. An example of this minimization of the fit to data in the background mode in
the search channel SRC medium is visualized in Fig. 6.13. The minimization is performed with Minuit
[129]. The likelihood is fitted only to the data in the CRs. The amount of events in the VRs and SR is
extrapolated via the nominal TF. The fitted process strengths µ and nuisance parameters θk are listed in
Tab. 6.20. Listed are all floating parameters. The background fit is not heavily constrained albeit there
are 5 measurements and 4 processes and thus 4 free parameters associated to processes. The only process
which is constrained is the Z+jets process in CR1a and CR1b. However the sample size in CR1b is too
low to have a significant impact. Thus the Z+jets process is mainly constrained by CR1a, this persists in
all channels. The fit has even more Degrees Of Freedom (DOF) than the 4 from µ, that is those of the
nuisance parameters θ. µ are free parameters with an underlying uniform pdf, whereas the θ are modelled
as described in Sec. 6.9.2 and are already constrained before the fit by their analytical implementation
CSyst. Therefore the DOF of the nuisance parameters are usually not equally footed to those from µ.
The values and uncertainties of the fitted nuisance parameters are not far away from their initial guesses.
The nuisance parameters which are implemented as described in Eq. 6.10 start the fit at the nominal value
of 0. The fit result corresponds to the most probable set of nuisance parameters given the data and the
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Var. Name Fitted Val. ± Parabolic Unc.(MINOS)
µT 0.89 ± 0.34
µW 0.54 ± 0.23
µZ 0.97 ± 0.14
µQCD 0.94 ± 1.2
` eff. -0.03 ± 0.99

` resoln. 0.01 ± 0.94
` scale. -0.00 ± 0.95

Generic Diboson -0.03 ± 0.99
JER 0.00 ± 1
JES -0.01 ± 0.29

Lumi -0.00 ± 0.99
MET CellOut cluster -0.00 ± 0.62
MET CellOut pileup -0.00 ± 0.98

PDF 0.05 ± 0.99
Pileup 0.00 ± 1.1

QCD smear. 0.00 ± 1
Top theory -0.06 ± 0.97

Trigger 0.00 ± 0.99
W+jets theory 0.00 ± 0.43
b-tag/veto eff. 0.03 ± 0.99
CR1b MC stat. 0.9 ± 0.2
CR2 MC stat. 1 ± 0.2
CR3 MC stat. 1 ± 0.04
CR4 MC stat. 1 ± 0.06

Table 6.20: Fitted values in the Background Fit mode in SRC medium. Listed are the background process
strengths parameters in the upper box with a starting value of 1 and the nuisance parameters in the lower
box with starting value of 0.
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Figure 6.13: ’Background Fit’ mode: The values of estimated events b before and after the fit are opposed
to the data, the data in the SR is not shown. The likelihood is fitted only to the CRs. The number of
events in the VRs and the SR are extrapolated via TFs.

configuration of the fit. The uncertainties are expressed in symmetric 68% C.L. intervals and are given
by Minuit. A nuisance parameter which fitted value is not far away from 0 is close to its initial guess. An
uncertainty close to its starting value of 1 tells us that the nuisance parameter is not constrained by the fit
and thus acts as a free parameter (modulo its analytical implementation in CSyst). A nuisance parameter
having a larger uncertainty than one after the fit is a indication of a bad fit. A nuisance parameter having
a smaller uncertainty than one means that some information of the likelihood is used to reduce the error
on this parameter. This can be caused by auxiliary measurements or by correlation effects. Consider
the case of a nuisance parameter being correlated among counting regions and fluctuations are present
in these regions. The data is fluctuating above or below the expectation and thus it can happen that the
nuisance parameter takes a most probable value different from 0. This means that the minimization tries
to explain the difference between data and expectation with the uncertainty associated to this nuisance
parameter. Furthermore it can happen that the uncertainty on the nuisance parameter is reduced com-
pared to its initial guess.

It can be observed that the ALPGEN estimates in the extreme phase-space regions with large Emiss
T and

meff are harder than what was observed in data in the CRs. This is especially true for W+jets and Z+jets,
but also for tt̄ +jets generated with ALPGEN and persists through all channels.
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6.9.3.2 Extended background fit

In the ’Extended Background Fit’ mode the fit is more constrained by including more measurements in
the VRs but keeping the same amount of DOFs, that is the µ and θ. This is illustrated in Fig. 6.14 and
the fitted parameters of the likelihood are listed in Tab. 6.21. The information from the data in the VRs
reduces the uncertainty of the processes which are dominant in the VRs. In this example the multi-jets
background and the top background via VR2 and VR5. VR1b and VR1c have not enough statistical
power.
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Figure 6.14: ’Extended Background Fit’ mode: The values of estimated events b before and after the fit
are opposed to the data, the data in the SR is not shown. The likelihood is fitted only to the CRs and
VRs. The number of events in the SR is extrapolated via TFs.

6.9.3.3 Discovery fit

In the ’Discovery Fit’ mode only CRs and the SR are included in the minimization. It is depicted in
Fig. 6.16 and the fitted parameters of the likelihood are listed in Tab. 6.22. The generic non-SM process
µ is included in the SR to consume any deviation of the estimated background events from the data
in the SR. It ensures that the data in the SR does not constrain background processes. In general the
’Background Fit’ and the ’Discovery Fit’ should deliver similar results for the background strengths
µ and θk. The correlation matrix for selected floating paramters is shown in Fig. 6.15. The nuisance
parameters associated to the theoretical uncertainty on the W+jets and tt̄ +jets processes show a positive
correlation to the corresponding process strenghts.

6.9.3.4 Exclusion fit

In the ’Exclusion Fit’ mode only CRs and the SR is included in the minimization. It is depicted in
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Var. Name Fitted Val. ± Parabolic Unc.(MINOS)
µT 0.8 ± 0.28
µW 0.55 ± 0.24
µZ 0.97 ± 0.14
µQCD 0.99 ± 1.2
` eff. -0.02 ± 0.99

` resoln. 0.01 ± 0.85
` scale. 0.01 ± 0.9

Generic Diboson -0.01 ± 1
JER 0.00 ± 1.1
JES -0.03 ± 0.93

Lumi -0.00 ± 1
MET CellOut cluster -0.03 ± 0.83
MET CellOut pileup 0.00 ± 0.98

PDF 0.20 ± 0.9
Pileup -0.05 ± 0.99

QCD smear. -0.10 ± 1
Top theory -0.30 ± 0.9

Trigger 0.01 ± 0.99
W+jets theory 0.00 ± 0.42
b-tag/veto eff. 0.10 ± 1
CR1b MC stat. 0.9 ± 0.2
CR2 MC stat. 1 ± 0.2
CR3 MC stat. 1 ± 0.04
CR4 MC stat. 1 ± 0.06

VR1b MC stat. 1 ± 0.2
VR1c MC stat. 1 ± 0.2
VR2 MC stat. 1 ± 0.08
VR5 MC stat. 0.9 ± 0.5

Table 6.21: Fitted values in the Extended Background Fit mode in SRC medium. Listed are the back-
ground process strengths parameters in the upper box with a starting value of 1 and the nuisance param-
eters in the lower box with starting value of 0.
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Var. Name Fitted Val. ± Parabolic Unc.(MINOS)
µ -3.1 ± 8.7
µT 0.94 ± 0.45
µW 0.57 ± 0.46
µZ 0.97 ± 0.14
µQCD 0.94 ± 1.3

acc. Z+jets/γ 0.00 ± 0.99
` eff. -0.03 ± 0.99

` resoln. 0.00 ± 0.94
` scale. 0.00 ± 0.96

Generic Diboson -0.03 ± 0.99
JER -0.00 ± 1
JES -0.20 ± 1

Lumi -0.00 ± 0.99
MET CellOut cluster -0.00 ± 0.65
MET CellOut pileup -0.00 ± 0.98

PDF 0.05 ± 0.99
Pileup -0.00 ± 1

QCD smear. 0.00 ± 1
Top theory -0.07 ± 0.98

Trigger 0.00 ± 0.99
W+jets theory 0.01 ± 1
b-tag/veto eff. 0.03 ± 0.99
CR1b MC stat. 0.9 ± 0.2
CR2 MC stat. 1 ± 0.2
CR3 MC stat. 1 ± 0.04
CR4 MC stat. 1 ± 0.06
SR MC stat. 1 ± 0.07

Table 6.22: Fitted values in the Discovery Fit mode in SRC medium. Listed are the background process
strengths parameters and the generic non-SM signal strength in the upper box with a starting value of 1
and the nuisance parameters in the lower box with starting value of 0.
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Var. Name Fitted Val. ± Parabolic Unc.(MINOS)
µ 1 ± 0
µT 0.99 ± 0.59
µW 0.52 ± 0.53
µZ 0.93 ± 0.13
µQCD 0.63 ± 1.6

acc. Z+jets/γ -0.70 ± 0.9
` eff. -0.00 ± 0.99

` resoln. 0.01 ± 0.82
` scale. 0.02 ± 0.9

Generic Diboson -0.09 ± 0.96
JER 0.10 ± 1
JES -0.00 ± 0.25

Lumi -0.07 ± 0.99
MET CellOut cluster 0.00 ± 0.41
MET CellOut pileup -0.01 ± 1.3

PDF 0.09 ± 0.99
Pileup 0.01 ± 0.55

QCD smear. -0.00 ± 0.91
Top theory 0.30 ± 1.1

Trigger 0.02 ± 0.99
W+jets theory -0.02 ± 1
b-tag/veto eff. 0.01 ± 0.83
CR1b MC stat. 0.9 ± 0.2
CR2 MC stat. 1 ± 0.2
CR3 MC stat. 1 ± 0.04
CR4 MC stat. 1 ± 0.06
SR MC stat. 0.98 ± 0.05

Table 6.23: Fitted values in the Exclusion Fit mode in SRC medium. The signal corresponds to m(χ̃0) =

0 TeV, m(q̃) = 2.0 TeV and m(g̃) = 1.0 TeV and the signal strength is set to 1. Listed are the background
process strengths parameters in the upper box with a starting value of 1 and the nuisance parameters in
the lower box with starting value of 0.

Fig. 6.23 and the fitted parameters of the likelihood are listed in Tab. 6.23. A signal model is included in
the SR and where appropriate in the CR as well as all experimental uncertainties on the signal expecta-
tion.
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Figure 6.15: Correlation matrix of selected floating parameters in the discovery fit mode in SRC medium.
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Figure 6.16: ’Discovery Fit’ mode: The values of estimated events b before and after the fit are opposed
to the data. The likelihood is fitted to the CRs and SR. The generic non-SM signal strenght is let free in
the fit and absorbes any difference between data and estimated background in the SR.
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Figure 6.17: ’Exclusion Fit’ mode: The values of estimated events b before and after the fit are opposed
to the data. The likelihood is fitted to the CRs and SR. The signal ’SUSY’ corresponds to m(χ̃0) = 0 TeV,
m(q̃) = 2.0 TeV and m(g̃) = 1.0 TeV and the signal strenght is set to 1.
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6.9.4 Unconditional sampling

A well defined likelihood serves as a basis for the interpretation of the observed data. Sampling from this
likelihood allows to test the behavior of the counting model in terms of rates and correlation coefficients.
There are two basic kinds of samples that can be generated from the likelihood, the unconditional and
the conditional dataset. The conditional dataset is derived by simply drawing i toy data events ni,gen from
the existing constraints on all parameters. Artificially generated data is labelled with the suffix ”gen”.
The values from which the dataset is drawn are exactly those fed to the likelihood, e.g. the amount of
W+jets in CR3 estimated via MC normalized to luminosity µW NW,CR3 with µW = 1.
The unconditional dataset is derived by finding the most probable values of the parameters that are free
in likelihood given the data n, e.g. µW NW,CR3 with µW taking the most probable value given the data.
These are usually labelled with a hat, that is µ̂, µ̂b and θ̂. This is achieved by maximizing the likelihood.
The most probable values are used as starting value to create the toy dataset containing i toy data events
ni,gen generated from the likelihood function. The investigation of the toy dataset gives information on
how well the likelihood and the fit setup behaves given the data. The likelihood is maximized in each of
the ni,gen. Of special interest are datasets with fixed values of the parameter of interest µ, that is µ = 0
or µ = 1. The maximized values in these cases are usually labelled with a double hat, that is ˆ̂µb and ˆ̂θ,
respectively. The starting values of the generation is found by maximizing the likelihood for a fixed value
of the parameter of interest µ ∈ 0, 1. Despite the fact that we usually say that we randomize the nuisance
parameters, but indeed, they are always either fixed (in context of generating the (pseudo) observables),
or fitted in the profile likelihood.
An example is given in Fig. 6.18, two sets of ni,gen are generated in the exclusion fit mode of SRC
medium, one assuming µ = 0 and one assuming µ = 1. The maximized signal strength µ̂ is plotted
in Fig. 6.18(a) and the maximized background strengths µ̂W in Fig. 6.18(b) and µ̂T in Fig. 6.18(c). The
distribution of the maximized nuisance parameter associated with the jet energy resolution θ̂JER is plotted
in Fig. 6.18(d). The datasets reflects the fact that it turned out that the ALPGEN estimates in the extreme
phase-space regions with large Emiss

T and meff are harder than that was observed in data in the CRs. The
minimization does automatically take care of this in fitting the corresponding process strength µX to
match the data. Therefore the maxima of the distributions of µ̂T and µ̂W are below 1. θ̂JER is distributed
uniformly around 0 with a width of 1, as the underlying distribution of θJER is uniform. If the uncertainty
would have been constrained by some parts of the likelihood, e.g. a shift of the mean or a reduced
uncertainty it would be visible in this distribution. The absolute impact of the jet energy resolution
uncertainty is implemented via the ∆

i,R
JER in Eq. 6.10.

In Fig. 6.19 the distributions of the maximized background process strength vector µ̂QCD in Fig. 6.19(a)
are plotted. µQCD is defined to be positive. The parameter µQCD hits its lower bound which reflects the
fact the the control region to normalize the multi-jets background CR2 is not very pure and thus sensitive
to fluctuations of processes contaminating CR2. This does propagate to the evaluation of the covariance
quality flag derived by Minuit, which ranges discretely from zero to three. Three is the best flag value
indicating a properly calculated covariance matrix. Flag values of ”1” or ”2” indicate problems with
the covariance quality matrix usually realted to the positive definiteness of the matrix. Generated events
labelled with a flag of ”0” indicate a not converged fit and are therefore discarded. However care must
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Figure 6.18: Distributions of parameters of the unconditional dataset of the exclusion fit mode in the
search channel SRC medium for µ = 0 and µ = 1. The maximized signal strength µ̂ and the maxi-
mized background strengths µ̂W and µ̂T are plotted in 6.18(a), 6.18(b) and 6.18(c). θ̂JER is plotted in
Fig. 6.18(d).

be taken in discarding generated events as this introduces a bias. The logarithm of the likelihood at the
minimum is shown in Fig. 6.19(b).
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Figure 6.19: Distributions of parameters of the unconditional dataset of the exclusion fit mode in the
search channel SRC medium for µ = 0 and µ = 1. The maximized background strength µ̂QCD is plotted
in 6.19(a). The logarithm of the likelihood at the minimum is shown in Fig. 6.19(b).
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6.9.5 The test statistic: Profile Log Likelihood Ratio (PLLR)

The parameter of interest is the non-SM signal strength µ, that is the first component of the process
strength vector µ. In the following we distinguish between the non-SM signal strength µ and the vector of
process strengths associated to background processes µb, that is µ = (µ,µb). All other floating parameters
than µ are nuisance parameters, that is their behavior and their maximized value are not of interest.
However we distinguish between the process strength parameters of the background processes µi and the
parameters θk that parametrise systematic uncertainties and monitor their behavior in the different fits.
The maximized valued of the background processes µi do have a physics meaning, that is they tell us by
how much the initial prediction is adjusted by the data in the CRs.
The test statistic is based on a profile log likelihood ratio Λ(n|µ; Θ) [130].

Λ(µ) = −ln
L(n|µ; ˆ̂µb; ˆ̂

Θ)

L(n|µ̂; µ̂b; Θ̂)
(6.20)

µ̂,µ̂b,Θ̂ maximize the likelihood function and ˆ̂µb and ˆ̂
Θ maximize the likelihood function for a given µ.

It has been shown in Ref. [130] that the the frequency distribution of Λ(µ) f (Λ(µ)) approximates a χ2-
distribution in the large sample limit. Hypothesis testing in terms of a χ2-distribution is well known.
Expensive numeric simulation can be circumvented if the conditions of the approximation are fulfilled.
In Fig. 6.20 an example of the distribution f (Λ(µ)) is overlaid with a χ2-distribution. The example cor-
responds to the search channel SRC medium in the exclusion mode. f (Λ(µ)) was obtained by generating
a toy dataset at the 68% C.L. upper limit on µ, that is µ = 1.6 in this specific case.

6.9.5.1 Is the background estimate compatible with the data?

To test if the data is compatible with the background estimation the test statistic q(0) is introduced:

q(0) =

 −ln L(n|0; ˆ̂µb; ˆ̂
Θ)

L(n|µ̂;µ̂b;Θ̂)
µ̂ ≥ 0

0 µ̂ < 0
(6.21)

An example of the distribution f (q(µ)|µ = 0) is plotted in Fig. 6.21. The conditional dataset of the µ = 0
hypothesis was generated as described in Sec. 6.9.4 and q(0) was calculated for each of the generated
toy events. The conditional dataset is derived maximizing the likelihood with µ = 0 and find the most
probable values for µb and Θ that is ˆ̂µb and ˆ̂

Θ, respectively. The maximized values are used as starting
value to create toy datasets generated from the likelihood function. q(0)obs is the observed test statistic
value. q(0) is defined to be 0 if the observed amount of data is not as large as the estimated background, so
that µ̂ is smaller than 0. A large observed value of q(0) would indicate an incompatibility of the data and
the background. In this specific example the observed value of q(0)obs is in the bulk of the generated toy
dataset at ∼ 0. This means that there is either good agreement of the data and the estimated background
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Figure 6.20: Distribution of Λ(µ)|µ = 1.6 opposed to a χ2 distribution with one degree of freedom.

or the observed data is even less than the estimated background. In the definition of the test statistic q(0)
these two cases are not distinguished as we are only interested in positive signal event counts.
The quantification of the compatibility of the data and the background estimate is given by the p-value
p0, which is defined to be:

p0 =

∫ ∞

q(0)obs
f (q(µ)|µ = 0)dq(0) (6.22)

f (q(µ)|µ = 0) is normalized to unity. p0 reflects how probable it is that the observed data is compatible
with the µ = 0 hypothesis given that µ = 0 is true. A small p0 indicates a disagreement between the data
and the background estimate. Any p-value p can be stated in units of standard deviations of a Gaussian
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Figure 6.21: Distribution of the test statistic distribution q(0) of the conditional dataset f (q(µ)|µ = 0) in
SRC medium.

distribution, which is commonly called significance Z by the error function er f = 2√
π

∫ x
0 e−t2dt.

Z = er f −1(1 − 2p) ·
√

2

When the p0-value of a measurement falls below a threshold value pthres or equivalently Z higher above
a threshold Zthres, one concludes that the data is not described by the background only hypothesis and
therefore this hypothesis can be rejected. The ”5σ” standard, which corresponds to a Z of 5 and a p-value
of 2.9 · 10−7, is widely used in the HEP community [131].
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6.9.5.2 Is a specific supersymmetric model compatible with the data?

When testing the compatibility of a specific supersymmetric signal and the data a different test statistic
q̃(µ) is defined. q̃(µ) is defined as in Ref. [130] and distinguishes between three cases of µ̂:

q̃(µ) =


−ln L(n|µ; ˆ̂µb; ˆ̂

Θ)
L(n|0;µ̂b;Θ̂)

µ̂ < 0

−ln L(n|µ; ˆ̂µb; ˆ̂
Θ)

L(n|µ̂;µ̂b;Θ̂)
0 ≤ µ̂ ≤ µ

0 µ̂ > µ

(6.23)

If µ̂ > µ the observed amount of data is larger than the background plus the signal estimate. If 0 ≤ µ̂ ≤ µ
the observed amount of data is smaller than the background plus signal estimate but larger than the
background only estimate. When µ̂ < 0 the amount of data is even smaller than the background only
estimate. An example of the distributions f (q̃(µ)) is plotted in Fig. 6.22. The conditional datasets are
obtained by maximizing the likelihood with µ = 0 to obtain the dataset corresponding to the distribution
f (q̃(µ)|µ = 0) and with µ = 1 to obtain the data set corresponding to f (q̃(µ)|µ = 1), respectively.

The following quantities are of interest

• q̃(µ)obs is the observed test statistic value.

• The p-value p∗0 is calculated as

p∗0 =

∫ ∞

q̃(µ)obs
f (q̃(µ)|µ = 0)dq̃(µ) (6.24)

thus it reflects how probable it is that the observed data is consistent with the µ = 0 hypothesis
given that µ = 0 is true. Note that p∗0 is different from p0 as they were derived from different test
statistics.

• The p-value p1 is calculated as follows:

p1 =

∫ ∞

q̃(µ)obs
f (q̃(µ)|µ = 1)dq̃(µ) (6.25)

thus it reflects how probable it is that the observed data is consistent with the µ = 1 hypothesis
given that µ = 1 is true.

In addition, by convention, the following two quantities are defined:

• CLb = 1 − p∗0

• CLs+b = p1
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Figure 6.22: Distribution of the test statistic distribution f (q̃(µ)) for µ = 0 and µ = 1 in SRC medium in
the exclusion fit setup.
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6.9.5.3 Is a model compatible with the data given the consistency of the background and the data?

In Ref. [126] an automated interpretation of hypothesis tests obtained by any test statistic T in case
of limit setting was introduced, called ”CLs”. In case of a large downward fluctuation of the observed
data with respect to the estimated background the excluded parameter space on the non-SM signal is
larger than the expected one. This is by principle no problem from the statistics point of view, but
a (stronger) exclusion based on a statistical fluctuation does not seem to reflect the true value of the
expected exclusion. The worst case scenario would be a signal hypothesis that is rejected due to a
downward fluctuation of the data with respect to the background estimate in case there is no sensitivity
to this signal hypothesis. Related to this issue is the possibility of having overestimated the background
expectation, in this case it seems that the observed data is fluctuating downward, where it is not. To
weaken or decrease the severity of these two points the CLs interpretation was introduced which simply
combines the information on the parameter of interest the signal strength with the largeness of the upward
or downward fluctuation of data versus the expected amount of background events. The CLs value is
defined as

CLs =
CLs+b

CLb
(6.26)

In a strict statistical sense it translates any exclusion at a given confidence level (C.L.) on T (µ) into an
exclusion at a confidence level on T (µ) ’weighted’ by the confidence level on T (0), thus one could call
it a quality level on T (µ). The CLs method is therefore an interpretation of the confidence level obtained
on the signal strength. However in statistics conventions and in the following we keep the term confi-
dence level on µ for simplicity albeit it means the quality level on µ stated above. The two points listed
above giving rise to the introduction of the CLs method are still present but much weakened, as they are
suppressed by the CLb value in Eq. 6.26.
When the CLs-value of a measurement falls below a threshold value CLs,thres the signal hypothesis is
rejected. In HEP physics this threshold is usually set to 0.05 or equivalently a Zthres of 1.64.

The proper derivation of the CLs values in the unconditional regime is derived with the help of the
approximation of CLs. The distribution of the expected approximated CLs-values is plotted in Fig. 6.23
and provides information on the expected sensitivity of the experiment and the uncertainty on this sen-
sitivity is given by an uncertainty band corresponding to ± 1 ”σ”. This band is evaluated calculating
the quantiles of the expected approximated CLs-value distribution. The probabilities to which the ± 1 σ
quantiles belong are defined to be read of the cumulative distribution function of the normal (Gaussian)
distribution (lower tail) at a value of ± 1. The median sensitivity is given at a CLs-value of 0.5 and the ±
1 σ values at 0.16 and 0.84, respectively.
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6.10 Results

The estimated amount of background per channel is listed in Tab. 6.24 and opposed to the observed data.
The statistical methods and tools described in the previous section are used to interpret the observed
data. These numbers are obtained with the discovery fit setup, described in the previous section. The
systematic and statistical uncertainties are factorized out. The background components are opposed to
the estimation via MC normalized to luminosity. The non-SM signal strength is included in the fit to
the data and after the fit it is removed (set to 0). The agreement or disagreement between the estimated
background and the data is expressed in a p0 value. As the SRs where the hypothesis test are carried out
are not fully orthogonal only local p-values can be calculated. No disagreement between estimated back-
ground and data was observed. The largest deviation corresponding to a local p0 of 0.016 occurred in
SRC tight. This corresponds to a 2.1 sigma deviation in terms of Gaussian significance. In Fig. 6.24 the
meff distributions of data are opposed to the background estimation from MC normalized to luminosity.
In SRC a small turn on in the data can be seen at a meff value of ∼ 1.8 TeV. However the strength of the
upward fluctuation is too small to indicate a disagreement between data and the estimated background.

The upper limit on Non-SM events is given as well in Tab. 6.24. These numbers are obtained in the
exclusion mode, but with a generic non-SM signal, no uncertainties specific to the signal and no sig-
nal contamination in CRs. The non-SM signal is scanned from strength 0 up to the value where the
CLs value falls below 0.05. The limit on the non-SM signal corresponds to a limit on the fiducial cross
section, which is obtained simply by dividing the limit on the non-SM signal by the total integrated lumi-
nosity. This fiducial cross section can be compared to any non-SM signal, however the acceptance times
efficiency of the non-SM signal has to be taken into account.
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Figure 6.24: me f f (incl.) distributions of all search channels A-E. Each top panel shows the SM background expectations.
MC simulation expectations are normalized to luminosity. The multi-jet background is estimated using the jet smearing method
described in the text. Two benchmark model points with m(χ̃0) =0 TeV, m(q̃)=1.0 TeV, m(g̃)=2.0 TeV and m(χ̃0) =0 TeV,
m(q̃)=2.0 TeV, m(g̃)=1.0 TeV, respectively. The arrows indicate the locations of the lower edges of the signal regions. The
bottom panel shows the fractional deviation of the data from the total unscaled background estimate. The light (yellow)
band shows the combined experimental uncertainties on the unscaled background estimates from jet energy scale, jet energy
resolution, the effect of pile-up, the treatment of energy outside of reconstructed jets and MC simulation sample size. The
medium (green) band includes also the total theoretical uncertainties.
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Uncertainty Relative to total(aver.)/%
MCSR 44

acc. Z+jets/γ 39
CR stats. 39

Top theory 34
JES 18

Generic Diboson 17
W+jets theory 15
CR3 MC stat. 12
CR2 MC stat. 9.6

PDF 9.4
b-tag/veto eff. 8.1
CR4 MC stat. 6
CR1b MC stat. 5.4

JER 5.4
QCD smear. 5.1
lepton resoln. 4.8

Pileup 3.2
MET CellOut cluster 3.1

Lumi 2.9
lepton scale. 2.7

leptoneff. 2.2
Trigger 1.6

MET CellOut pileup 1.4

Table 6.25: Averaged uncertainties over all 11 signal regions, the numbers shown correspond to the
relative amount per component in percent to the total uncertainty .

6.11 Discussion of uncertainties

To digest the impact of uncertainties the averaged uncertainties relative to the total are listed in percent
in Tab. 6.25. However this quantity can only give a very rough estimation of the impact of the various
sources of uncertainties on the analyses as the relative contribution to the total uncertainty does vary
over a broad range as can be seen in Tab. 6.27 where the uncertainties per channel are listed. The most
important uncertainties are:

• ’MCSR’ corresponds to a term including all statistical uncertainties from limited MC sample sizes
in the SR.

• ’acc. Z+jets/γ’ is the uncertainty associated to the interpolation from the photon CR to the SR to
estimate Z+jets.

• ’CRstat’ is the term including all statistical uncertainties associated to the observed data in the
CRs.
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Uncertainty Relative to total/%
JES 77

CR stat. 43
CR stat. 24

PDF 23
MCSR 19

Diboson 19
acc. Z+jets/γ 14

Table 6.26: Relative amount per component in percent to the total uncertainty in channel SR E tight,
shown are only contributions with > 10%.

• ’Top theory’ and ’W+jets theory’ is the uncertainty associated to tt̄ and W+jets MC modelling,
that is renormalisaion and factorization scale variations and a term corresponding to extra parton
radiation.

• ’JES’ corresponds to the uncertainty of the jet energy scale calibration.

• ’Generic Diboson’ corresponds to the uncertainty in the MC modelling of the Diboson processes.

• ’CRX MC stat.’ are the statistical uncertainties from limited MC sample size in CRX.

• ’JER’ is the uncertainty of jet energy resolution.

• ’PDF’ is the uncertainty associated to PDF choices.

Typical examples are SRC loose/medium/tight, here the relative ’MCSR’ uncertainty takes the values
(36/45/51) % and the ’CR stats.’ (38/42/43) %. The ’acc. Z+jets/γ’ is (76/55/22)%, thus dominates in
the loose region and decreases in importance to the total uncertainty. Opposed to this the relative impor-
tance of the ’top theory’ and ’W+jets theory’ uncertainty increases from loose to tight with (27/49/56)
% and (16/23/37)%. The ’JES’ uncertainty is sub-dominant (<10/15/<10)% as well as ’CR3 MC stat’
with (<10/<10/13) %. All other uncertainties contribute with a relative uncertainty of <10 %.
The largest deviation from the average values show SRE loose and SRE tight. In the approach of mea-
suring the contributions of processes as well as their uncertainties relative to CRs a likelihood contour
with several local minima can occur. Then the finding of the global minimum of the likelihood could
not 100% ensured. Therefore the JES uncertainty is not taken relative to the CR, but rather applied inde-
pendently in the SR and CR. This approach is conservative in respect to discovery and limit setting and
pushed the ’JES’ to be the dominant uncertainty. The relative importance in % to the total uncertainty in
SRE tight is shown in Tab. 6.26. For completeness the breakdown of all factorized uncertainties is listed
in Tab. 6.27 as well as their relative impact in Tab. 6.28
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6.12 Impact on supersymmetric models

As there was no disagreement between data and the estimated background in the signal regions found,
the impact on SUSY model parameters has been investigated. This analysis is dedicated to the strong
production modes q̃q̃, q̃q̃∗, q̃g̃ and g̃g̃. Only the first two generation of squarks (q̃ ∈ ũ, d̃, c̃, s̃) are consid-
ered if not stated otherwise. The interpretation is split into several models. The single production modes
and possible decay scenarios including one more intermediate particle are interpreted in Sec. 6.12.2 and
Sec. 6.12.3. All production modes are considered in a simplified scenario in Sec. 6.12.1 where only the
direct decay to the neutralino (χ̃0 ) is allowed. A model considering a proper supersymmetry breaking
mechanism with assumptions on the supersymmetry breaking parameters is the CMSSM which is inter-
preted in Sec. 6.12.4. A CMSSM-based compressed scenario with all particles of the MSSM involved as
potential intermediate particles is discussed in Sec. 6.12.5.
For a given model point the amount of signal expected in the SRs and CRs can be calculated from MC
normalized to luminosity. This information is fed to the exclusion fit setup. A CLs value is calculated for
each model point as described in Sec. 6.9.5.3. As there are 11 SRs which different sensitivity per model
point, the region with the best expected sensitivity per model point is chosen. That is the SR with the
lowest expected CLs value. Theoretical uncertainties on the signal are taken into account in calculating
the ±1σ observed CLs values, giving the ±1σ fluctuation from the uncertainty on the cross section calcu-
lations. Limits on model parameters or masses are given at the level of +1σ of the theoretical uncertainty
on the signal.
The spectra of SUSY signal samples are generated with Herwig++ [87,88] or with MadGraph/PYTHIA6 [89,
90]. The SUSY signal cross section and their uncertainty are calculated following as close as possible
the PDF4LHC [81] recommendations as described in Ref. [82], i.e. the mean of the envelope from sev-
eral PDF sets as nominal signal cross section and the uncertainty form the global envelope. In these
calculations two pdf sets were used, CTEQ6L1 and MRST2007LO*. The cross sections are calculated
up to next-to-leading order in αS, including the re-summation of soft gluon emission at next-to-leading-
logarithmic accuracy (NLO+NLL) [75–79]. The nominal cross-section is defined as:

σnominal = 0.5 ×
[
max(σ+

CTEQ, σ
+
MSTW) + min(σ−CTEQ, σ

−
MSTW)

]
, (6.27)

σ±CTEQ/MSTW is the uncertainty on the cross-section. The uncertainty envelope for the MSTW PDFs
is obtained by varying the PDFs and the renormalisaion and factorization scale with the central value
obtained by the MSTW PDF set. The same is done for the CTEQ pdf, but in addition the strong coupling
constant αS is varied. The signal expectation at ±1σ are fed to the likelihood and the same hypothesis
test procedure is carried out as for the nominal cross section.
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6.12.1 Simplified Models I
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Figure 6.25: q̃q̃, q̃q̃∗, q̃g̃ and g̃g̃ decaying directly to a massless LSP.

In Fig. 6.25 the interpretation in a model where the strongly produced particles via q̃q̃, q̃q̃∗, q̃g̃ and
g̃g̃ decay directly to a massless LSP. This is enforced by setting all other super-particles masses to very
high values, so that they are kinematically not accessible. The limits are expressed in terms of the gluino
mass mg̃ and the squark masses of the first two generations mq̃. For each model point the exclusion
sensitivity is calculated and the best expected SR is chosen per model point. The best expected model
point corresponds to the one with the lowest expected CLs,exp value. The label on the plots ranging
from A-E and the suffixes ’l’,’m’ and ’t’ stand for loose, medium and tight. In region where squark-
squark production is dominant regions with low jet multiplicities are most sensitive, whereas in region
where gluino-gluino production is dominant higher jet multiplicity channels take over. The red solid
line corresponds to the combined observed limit based on the formalism explained in Sec. 6.9.5. the
dotted lines are obtained by scaling the cross-section up/down by the theoretical uncertainty. The black
dashed line shows the expected limit at 95% C.L., with the yellow band indicating the 1σ experimental
uncertainties. In addition the analysis corresponding to ∼ 1 fb−1 at 7 TeV is shown in shaded gray. Note
that e.g. in SR A tight a fluctuation of the data below the estimated background was observed, thus the
observed limit is better than the expected one, even outside the yellow band. In this scenario the limit
on the gluino mass is approximately 860 GeV, and that on the squark mass is 1320 GeV. Squarks and
gluinos with equal masses below 1410 GeV are excluded.
The same model but with a massive LSP is interpreted in Fig. 6.26. The LSP masses are set to 195 GeV

and 395 GeV, respectively. These exclusion limits do degrade with increasing LSP mass, but not too
much, as can be seen as well in Fig 6.27, where the exclusion curves for LSP masses for 0,195 and
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Figure 6.26: q̃q̃, q̃q̃∗, q̃g̃ and g̃g̃ decaying directly to a massive LSP with 195 GeV and 395 GeV,
respectively.

395 GeV are overlaid. When the LSP mass is 395 GeV the squark and gluino limit degrade up to a
difference of ∼ 200 GeV compared to the massless case.
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Figure 6.27: q̃q̃, q̃q̃∗, q̃g̃ and g̃g̃ decaying directly to a massive LSP with 0,195 and 395 GeV respectively,
overlaid.
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6.12.2 Simplified Models II
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Figure 6.28: Direct production of gluino-gluino pairs each decaying to two jets and a neutralino LSP.

The model in Fig. 6.28 assumes only pair production of gluinos. As before the gluinos are forced to
decay directly to the LSP and two jets. Gluino masses of ∼ 920 GeV are excluded up to LSP masses of
∼ 400 GeV. The most sensitive region is SR C containing four and more jets. In the left plot the upper
limit on the cross section times acceptance times efficiency ULσ is plotted for each model point. It is
calculated as follows:

ULσ =
ULN

acc. × e f f . × Lint
(6.28)

ULN is the upper limit on the non-SM events calculated in the exclusion fit setup. acc. × e f f . is the
relative amount of signal passing all selection cuts to the SR and Lint is the total integrated luminosity.
The model in Fig. 6.29 assumes only pair production of squarks and anti-squarks of the first two gen-
erations (ũ, d̃, c̃, s̃ and ũ∗, d̃∗, c̃∗, s̃∗). Squark masses of ∼ 700 GeV are excluded up to LSP masses of ∼
250 GeV.
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Figure 6.29: Direct production of squark-anti-squark pairs decaying to one jet, resp., and a neutralino
LSP.
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6.12.3 Simplified Models III
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Figure 6.30: Combined exclusion limits for direct production of gluino pairs, each decaying via an
intermediate chargino to two jets, a W boson and a neutralino LSP. The chargino mass is fixed halfway
in between the gluino and LSP masses.

The model interpreted in Fig. 6.30 assumes only pair production of gluinos. But in contrast to the
models described above an intermediate particle is kinematically accessible, the chargino. The mass of
the chargino is set to be exactly in the middle of the gluino mass and the LSP mass. The gluinos decay
via an intermediate chargino to two jets, a W boson and a neutralino LSP. Thus the phenomenology
is in that way different that more jets are produced with a softer spectrum. In addition leptons can be
produced. The most sensitive region is SR E containing 6 and more jets, compared to the direct decay
modes where a region with four and more jets is most sensitive.
In Fig. 6.31 the chargino mass is fixed to 60 GeV. The y-axis is defined as the ratio of the mass difference
of the chargino and the LSP to the mass difference of the chargino to the gluino.

The model interpreted in Fig. 6.32 assumes again only pair production of squarks and anti-squarks.
The chargino is kinematically accessible, too. The mass of the chargino is set to be exactly in the
middle of the squark mass and the LSP mass. In this scenario only left-handed squarks are considered in
order to enhance the branching ratios of decay chains incorporating an intermediate chargino. The cross
sections have been reduced by 50 % to take this situation properly into account. The squarks decay via
an intermediate chargino to two jets, a W boson and a neutralino LSP. Thus the phenomenology is in that
way different that more jets are produced with a softer spectrum. In addition leptons can be produced.
In Fig. 6.33 the chargino mass is fixed to 60 GeV. The y-axis is defined as the ratio of the mass difference
of the chargino and the LSP to the mass difference of the chargino to the squarks.
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Figure 6.31: Combined exclusion limits for direct production of gluino pairs, each decaying via an
intermediate chargino to two jets, a W boson and a neutralino LSP. The chargino mass is fixed to 60 GeV.
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Figure 6.32: Combined exclusion limits for direct production of squark pairs, each decaying via an
intermediate chargino to two jets, a W boson and a neutralino LSP. The chargino mass is fixed halfway
in between the gluino and LSP masses.
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Figure 6.33: Combined exclusion limits for direct production of squark pairs, each decaying via an
intermediate chargino to two jets, a W boson and a neutralino LSP. The chargino mass is fixed to 60 GeV.
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6.12.4 CMSSM
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Figure 6.34: CMSSM model with tan(β) = 10, A0 = 0, µ > 0.

In Fig. 6.34 the interpretation in the CMSSM is shown for a specific model parameters set of tan(β) =

10, A0 = 0, µ > 0 in the m0-m1/2 plane. In the CMSSM a relation on the minimal squark mass mq̃ relative
to the gluino mass mg̃ exists. In Ref. [132] it is shown that the the ratio mq̃/mg̃ barely exceeds 0.9 with
mq̃ being the average of the first two generations. The limit on m1/2 reaches 300 GeV at high m0 and
640 GeV for low values of m0 . At equal masses squarks and gluinos with masses below 1360 GeV are
excluded.
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6.12.5 Compressed Models

A CMSSM-like model with increased compression was proposed in Ref. [91, 92] and is interpreted in
Fig. 6.35. All supersymmetric particles are involved in the phenomenology, but their distance in mass to
each other is controlled by a compression factor c. The squark mass is set to 96% of the gluino mass.
Three types of models with different assumption on the kinematically accessible particles are shown.
In the top left plot all squarks, electroweak gauginos and the gluino are kinematically accessible. In
the top right the neutralinos and charginos are not accessible and in the bottom plot the squarks are not
accessible.
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Figure 6.35: Compressed CMSSM like model. Top left: All squarks, electroweak gauginos and the
gluino are kinematically accessible. Top right: neutralinos and charginos are not accessible. Bottom:
Squarks are not accessible.
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6.13 Status of searches for supersymmetric particles

So far all searches for supersymmetric particles were negative. No superpartner to a SM particle was
observed. The most stringent limits on masses of squarks and gluinos before the LHC started where set
by the Tevatron, see Refs. [133–135].

Besides the analysis of the full 7 TeV dataset a subset of the 8 TeV data set taken with ATLAS was
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Figure 6.36: Overview on the mass reach of searches for supersymmetric particles with the ATLAS
detector.

preliminary analyzed in final states with jets and Emiss
T in Ref. [6] corresponding to 5.8 fb−1 of integrated

luminosity. No deviation of the data from the background expectation was found either. The CMS ex-
periment carried out similar searches to those carried out by ATLAS in final states with jets and missing
transverse momentum, summarized in Ref. [136]. No significant deviation from the SM expectation was
observed as well and similar limits on particle masses are set.
Depending on the primary produced particles, mass spectra and decay chains SUSY could manifest in
a variety of signatures. Therefore a large amount of event topologies are investigated at the LHC. In
Fig. 6.36 an overview of the searches carried out by ATLAS to date is shown1. Among others there are
searches dedicated explicitly to third generation squarks which are favored to be light by natural SUSY.
The impact of the measurement described in this thesis at an earlier stage corresponding to 1.04 fb−1 at
7 TeV center of mass energy [4] on the phenomenological MSSM (pMSSM) [85] was tested in Ref. [11].

1 from https://twiki.cern.ch/twiki/bin/view/AtlasPublic/CombinedSummaryPlots#SusySummary, March 2013)
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In the pMSSM the 105 parameters of the MSSM reduce to 19 which are considered the most important
ones for phenomenology. Sampling from these parameters allows to investigate a very general view on
the MSSM. It turns out that the searches in final states with jets and missing transverse momentum are
excluding a large proportion > 95% of the sampled parameter space. MSSM signatures that may have
eluded this searches include either low cross-sections or large decay chains. In case of the large decay
chains, the jet spectra get very soft and fall below the pT threshold of the searches.
In Ref. [137] the authors show that the pMSSM phase space with realistic conditions for light squarks
of all three generations, light gluinos and low fine tuning is not excluded, yet. The indications of the
SM Higgs mass being at ∼125 GeV is opposed to fine tuning in the pMSSM in Ref. [138]. The authors
assume a SM Higgs particle identified at this mass and showed that within the pMSSM parameter space
low fine tuned models still exist. However if fine tuning is taken as an exclusion criteria, a large phase
of the pMSSM can be abandoned. Spots in the squark pair production based on the MSSM particle
spectrum that are still allowed are discussed in Ref. [139]. Dedicated searches to the third generation of
squarks improve the sensitivity to these decay modes, e.g. in Refs. [140, 141].
The search described in this thesis sets as well limits on the dark matter candidate of the MSSM, the
neutralino. However, these limits only hold if the LSP occurs in a cascade decay of strongly produced
particles and thus are model dependent. In Ref. [142] a review on dark matter searches is given. The
sensitivity of direct LHC searches based on strong production of supersymmetric particles is opposed to
constraints from experiments with a fixed target scattering experiments consisting of heavy nuclei tar-
geted at the sky. The authors find that in the energy range of the dark mater candidate of ∼ 100−500 GeV
and at low nuclei-dark matter scattering cross sections the direct searches at the LHC are excluding a
phase space on which the heavy nuclei experiments are not sensitive, yet. However these constraints are
only valid for the assumption of the dark matter candidate to appear in cascades from strongly produced
particles in the CMSSM.
Constrained supersymmetric models as the CMSSM are under heavy attack by the negative LHC searches
for supersymmetric particles, by the potential SM Higgs candidate at ∼125 GeV, by constraints on rare
decays of Bs → µµ and direct dark matter searches with scattering experiments [143]. The authors show
a degradation of the compatibility of the CMSSM with currently available observations.



Chapter 7

Summary

The start of the LHC in 2010 marks a new era in high energy particle physics. Protons are collided at
unprecedented center-of-mass energies. The energy range under investigation at the LHC, reaching up
to 14 TeV, has never been explored in a laboratory under such well controlled conditions as it is possible
with a particle accelerator experiment.

The Standard Model of particle physics (SM) is very successful in describing elementary particles and
their interactions. The recent discovery of a new boson at the LHC continues this successful story as it
yields characteristics compatible with the last undiscovered particle in the SM, the Higgs boson. How-
ever, the SM has limitations such as the hierarchy problem or the missing dark matter candidate.

One of the extensions to the SM includes a new space-time symmetry, called Supersymmetry (SUSY),
resulting in a symmetry between fermions and bosons. The hierarchy problem is heavily reduced if
there are supersymmetric particles at the TeV scale. In minimal realizations of theories including such
a symmetry, e.g. the Minimal Supersymmetric Standard Model (MSSM), a copy of each particle of the
SM exists. If these new particles have masses of O(100) GeV up to several TeV they may be accessible
with the LHC. Under the assumption of an additional Z2 symmetry, called R-Parity, the new particles are
produced in pairs and the lightest supersymmetric particle (LSP) serves as a dark matter candidate.

In most phenomenological SUSY models the production of supersymmetric particles at the LHC is dom-
inated by squark-squark, squark-anti-squark, squark-gluino and gluino-gluino pair production. Squarks
are the super-partners to quarks and gluinos the super-partners to the gluons. These particles decay sub-
sequently into the lightest supersymmetric particle which does not interact with detector material. Thus
the striking signature for such a pair production of supersymmetric particles in proton-proton collisions
are multiple jets in combination with missing transverse energy.

The ATLAS experiment surrounds an interaction point at the LHC and records the signatures of the
particle collisions. This thesis contains a search for supersymmetric particles in final states with jets and
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missing transverse momentum on data collected by the ATLAS experiment. The analysis correspond-
ing to an integrated luminosity of 4.7 fb−1 of 7 TeV center of mass energy proton-proton collisions is
discussed in detail. The search is carried out in dedicated signal regions defined in inclusive jet multi-
plicities from two to six jets and a large missing transverse momentum component.

The dominant sources of SM processes leading to similar signatures are as follows. The W + jets back-
ground is composed of events with a W decaying to a tau and a neutrino (W → τν) or a W decaying into
an electron or muon (W → lν) in which no electron or muon candidate is reconstructed. The irreducible
background Z + jets is dominated by events with a Z decaying to neutrinos (Z → νν) and thus with
large missing transverse energy. Hadronic τ decays in tt̄-quark events which decay semi-leptonically
(tt̄ → bbτνqq) and single top events can generate large missing transverse momentum and pass the jet
and lepton requirements. The multi-jet background is caused by rare instances of poor reconstruction of
jet energies in calorimeters leading to fake missing transverse momentum and by neutrinos in the semi-
leptonic decay of heavy quarks. For each of the main background components a control region is defined
which requirements are as close as possible to the signal region selection, thus minimizing systematic
uncertainties arising from extrapolation from control regions to the signal regions. For each selection
a simultaneous normalization of the backgrounds is performed, taking into account correlations in the
systematic uncertainties and signal contamination in the control regions.

The main results presented in this thesis are as follows. No deviation from the SM expectation has
been found in the data. Stringent limits on the masses of the first two generations of squarks are pre-
sented. Under the assumption that they decay directly to the LSP, masses below 860 GeV are excluded
at 95% confidence level. Gluino masses below 1320 GeV are excluded, assuming specific simple decay
modes. In this simplified picture quarks and gluinos with equal masses are excluded below 1410 GeV. In
the constrained MSSM (CMSSM) with tan(β) = 10, A0 = 0 and µ > 0, the limit on the universal gaugino
masses m1/2 is extended to 300 GeV at high universal scalar masses m0 and to 640 GeV at low m0. In the
CMSSM the bounds on squarks and gluinos with equal masses reach up to 1360 GeV. The dependency
of these results on the LSP mass is quite low as long as the mass of the LSP is less than 400 GeV.

The limits on the masses of gluinos and squarks of the first two generations presented in this thesis
exceed the limits set by previous experiments, such as the Tevatron [133–135], by far and are compatible
to the limits found by the CMS collaboration [136]. The results of this search constrain the phase space
of the parameters of the MSSM and thus provide important information to model building. In the phe-
nomenological MSSM large parts of the phase space are excluded by the results presented in this thesis
[11].

The shutdown of the LHC in 2013-15 will be used to further investigate the coverage of these searches
in the MSSM phase space and beyond. The challenge will be to identify any admissible signatures of
supersymmetric particles and search for them in an updated or in a new analysis at higher luminosity
and higher center of mass energy. From 2015 on the LHC will run with a center of mass energy of up
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to 14 TeV, and supersymmetric particles in a higher, yet unexplored, mass range will be kinematically
accessible.



Appendix A

Exclusive event selection and shape
analysis

A more rigorous approach to extract more information from the data is to use the shape information
of distributions and combine information from several measurements. The shape information can be
gathered using binned distributions. A proper combination of bins is possible if the bins are statistically
independent. In this section an approach is studied to use the information on meff and the jet multiplicity
in an exclusive manner. Opposed to the main part of the text jet selections are defined exclusively. In
the example below a two dimensional plane is considered with one dimension being meff with four bins
ranging from 800-2200+ GeV and the other dimension being the jet multiplicity with five bins ranging
from 2-6+ jets. The + indicated that the last bin sums up all entries above the upper limit of the last bin.
If we assume a binned distribution with n bins the likelihood expands to the form:

L(n|µ,µb, θ) =
∏
j∈n

PSR,j ×
∏
CRX

PCRX,j × CSyst (A.1)

The pdf CSyst can but does not have to depend on the binning depending on its implementation. The
shape of the distribution is given by the values of N. The values of N are usually estimated via MC. If
the shape of the distribution should keep exactly the shape from N, that is the initial estimate, only the
absolute normalization of the distribution should be changed. This is done similar to the single bin setup
via the vector µ = (µ,µb). For each process one degree of freedom exists and the likelihood reads:

L(n|µ,µb,N, θ) =
∏
j∈n

PSR,j(µb) ×
∏
CRX

PCRX,j(µb) × CSyst (A.2)

However at this stage of the experiment or especially the status of the MC simulation with not fully under-
stood discrepancies between MC simulation and data a data driven approach to the shape information is
mandatory. This can be achieved by expanding the background strength vector µb to a matrix containing
the shape information per background process and per bin µb, j. This definition allows the background
process strengths µb, j to adapt to the shape of the data distributions in the CRs. The likelihood thus
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expands to:

L(n|µ,µb, j,N, θ) =
∏
j∈n

PSR,j(µb, j) ×
∏
CRX

PCRX,j(µb, j) × CSyst (A.3)

A slice of this likelihood is depicted in Fig. A.1 where the projection on the part corresponding to events
with exactly two jets, that is the first bin of the jet multiplicity distribution, is shown. The meff distribution
in CR3 is shown before the minimization in the discovery mode in Fig. A.1(a) and after in Fig. A.1(b),
in CR4 before in Fig. A.1(c) and after in Fig. A.1(d) and in the SR before in Fig. A.1(e) and after in
Fig. A.1(f). Note that the assumptions in this model are simplified: No multi-jets contribution is consid-
ered and the number of uncertainties was reduced to reduce the number of free parameters in the model.
Problems arising in this approach is the modelling of the nuisance parameters and constrains from data
on the nuisance parameters. The increased number of data bins which are fitted against a model where
the only correlated parameters among bins are nuisance parameters corresponding to systematic uncer-
tainties tend to reduce the uncertainty of the parameters. The background strengths per bin are basically
free and adapt to the data observed in the bin. To use this setup properly a very precise understanding
of the uncertainties and their modelling must exist. Otherwise information form the data will falsely
be used to reduce uncertainties on nuisance parameters where it is not appropriate. Another important
issue is that if there are statistical fluctuations present these can have the same effect of falsely reducing
uncertainties on nuisance parameters.
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Figure A.1: Projection on a plane in jet multiplicity requiring exactly 2 jets. The meff distribution before
and after the minimization in the Discovery mode are plotted.



Appendix B

Unified Extra Dimensions

An example of the sensitivity to other beyond SM scenarios is shown in Ref. [12] where an additional
interpretation of the analysis in the context of a minimal universal extra dimensions model [65–67] is
performed. The analysis used is described in Ref. [4] corresponds to 1.04 fb−1 of integrated luminosity
and is the predecessor of the analysis described in the main text. In Fig. B.1 a interpretation with the
MUED framework is presented in terms the compactification scale (R−1) and the compression scale
(Λ · R) and the masses of the Kaluza-Klein gluon gKK and the Kaluza-Klein photon γKK.
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Figure B.1: Exclusion limits in the Universal Extra Dimensions model space, in terms of [left] the
compactification scale (R−1) and the compression scale (Λ · R) and [right] the masses of the Kaluza-
Klein gluon gKK and the Kaluza-Klein photon γKK (LKP).
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Appendix C

Combination of search channels

This section describes the combination of the searches for supersymmetry in the 0-lepton channel [1]
and the 1-lepton channel [144] performed by ATLAS using the 2010 dataset corresponding to 35 pb−1

[13] of integrated luminosity. Both analyses require jets and Emiss
T , the 0-lepton channel vetoes electrons

or muons whereas the 1-lepton search requires exactly one electron or muon. Thus the signal and control
regions of each channel are statistically exclusive. Both analyses are counting experiments and showed
no deviation from SM expectations. Let L0 and L1 be the likelihood containing the information on the
measurement of the 0-lepton channel and 1-lepton channel, respectively.

L0 = L(n0|µ;µb0; s0; N0; θ; θ0) (C.1)

L1 = L(n1|µ;µb1; s1; N1; θ; θ1) (C.2)

Uncorrelated terms between L0 and L1 are

• n0 and n1 being the set of measurements in the 0-lepton channel and 1-lepton channel, respectively.

• µb0 and µb1 denoting the background process strength vector in the 0-lepton channel and 1-lepton
channel, respectively.

• s0 and s1 being the vector of estimated non-SM signal events from MC in the 0-lepton channel and
1-lepton channel, respectively.

• N0 and N1 being the matrix of initially estimated background events in the 0-lepton channel and
1-lepton channel, respectively.

• θ0 and θ1 is the set of nuisance parameters that parametrise systematic uncertainties which are not
correlated between the 0-lepton channel and 1-lepton channel.

Correlated terms between L0 and L1 are

• µ the signal strength.
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• θ the set of nuisance parameters that parametrise systematic uncertainties which are correlated
between the 0-lepton channel and 1-lepton channel.

The total likelihood is the product of contributions from the 0-lepton and 1-lepton channels.

Ltot = L0 × L1 (C.3)

Systematic uncertainties in common between all channels are: the jet energy scale, signal cross sec-
tion uncertainty, and the luminosity uncertainty. These uncertainties are treated as 100% correlated. The
correlated systematic uncertainties are accounted for when building the combined likelihood through the
use of common nuisance parameters θ, and a single common Gaussian constraint per nuisance parameter.
All other uncertainties are taken as uncorrelated and modelled via θ0 and θ1.

The combined exclusion limits are obtained performing pseudo-experiments; they are derived at 95%
confidence level (C.L.) using as test statistic a one-sided profile likelihood ratio as described in section
6.9.5. The combined exclusion contour is shown in Fig. C.1 and is done per grid point in the m0, m1/2

plane of the CMSSM framework. At each grid point, the 0-lepton channel the best expected exclusion
sensitivity.
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Figure C.1: Expected and observed limits for the combined 0- and 1-lepton channels. The blue dashed
line corresponds to the expected median 95% C.L. exclusion limit, the dashed-solid blue lines to ±1σ
95% C.L. (PCL) limits respectively. The red line represents the combined observed limit. The observed
limits for the individual 0-lepton and 1-lepton channels are indicated with red dashed lines. Tevatron and
LEP limits on mq̃ and mg̃ are marked for searches in the specific context of MSUGRA/CMSSM, with
tan(β) = 3, A0 = 0 and µ > 0, and are also shown for illustration.
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Figure C.2: Expected and observed limits of the combined 0-and 1-lepton channels derived with the
power constrained limit (PCL) and the CLs method. The red dashed line corresponds to the expected
median PCL at 95% C.L., and the red solid line to the observed PCL at 95% C.L. The green dotted line
corresponds to the expected median exclusion contour at 95% C.L. derived with the CLs method, and
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Appendix D

Search in multi-leptonic final states and
missing transverse energy

In Ref. [14,15] final states with three or more isolated electrons or muons, jets and intermediate missing
transverse energy are investigated. Electrons and muons in originate from the decay of charginos and
neutralinos produced in cascade decays of primary produced colored sparticles. The selection ensures a
well defined sample with low background.
The total number of SM background events expected in this search th in 34 pb−1 of data collected in 2010
is 0.109 ± 0.023+0.036

0.025 . No event was observed in data passing all selection criteria. Limits are calculated
in the MSUGRA/CMSSM framework in the m0, m1/2 plane with tan(β) = 3, A0 = 0 and µ > 0 and are
shown in Fig. D.1.
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Appendix E

Transfer-function Summary

Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

CR1a 1 0 0 0

CR2 0.075 1 0.38 0.21 0.79

CR4 0.00069 0 1 0.098 0.0073

CR3 0.0087 0 0.34 1 0.092

CR1b 0 0.018 0 1

SR 0.32 0.016 0.52 0.36 2.9

Table E.1: Initial cross Transfer Factors for SRC (loose).
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Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

Central value 0.32 0.016 0.52 0.36 2.9

JER 0.002
0

0.016
0

0.0045
0

0.14
0

JES 0.0023
−0.0093

−0.002
−0.0034

0.0016
−0.025

0.63
−0.19

Pileup 0
−0.0011

0
−0.0083

l resoln. −0.0033
0.0031

−0.00084
0.00074

0
−0

Trigger −0.0029
0.003

−0.002
0.002

−0.03
0.03

b-tag/veto eff. −0.038
0.052

−0.0062
0.0064

acc. Z+jets/ γ 0.084
−0.084

l scale. −0.0034
0.0037

−0.0023
0.003

0
−0.025

QCD smear. 0.012
−0.012

MET CellOut cluster 0.00046
−0.0036

−0.0031
−0.0013

−0.0016
−0.00022

Top Theory 0.052
−0.052

l eff. −0.0036
0.0037

−0.0024
0.0025

−0.035
0.035

MET CellOut pileup 0.00015
−0.0032

−0.0027
−0.0021

0.00017
−0.00028

PDF −0.0033
0.0045

−0.0062
−0.0017

Z+jets Theory 0.017
−0.017

MC stat. 0.034
−0.034

0.022
−0.022

0.35
−0.35

W+jets Theory 0.029
−0.029

Table E.2: Initial uncertainties of Transfer Factors to signal region for SRC (loose).

Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

CR1a 1 0 0 0

CR2 0.11 1 0.8 0.57 0

CR4 0 0 1 0.14 0

CR3 0.014 0 0.3 1 0

CR1b 0 0 0 0

SR 0.27 0.048 0.92 0.74 6.5

Table E.3: Initial cross Transfer Factors for SRE (loose).
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Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

Central value 0.27 0.048 0.92 0.74 6.5

JER 0.014
0

0.018
0

−0.012
0

3.7
0

JES 0.011
−0.003

−0.034
−0.0073

−0.035
−0.065

2.7
−1.6

Pileup 0
0.00094

0
0.016

l resoln. −0.0098
0.0078

−0.006
0.0038

0
−0

Trigger −0.0054
0.0055

−0.0044
0.0044

−0.07
0.071

b-tag/veto eff. −0.068
0.092

−0.014
0.015

acc. Z+jets/ γ 0.08
−0.08

l scale. −0.012
0.0088

−0.0052
0.0046

0
−0

QCD smear. 0.04
−0.04

MET CellOut cluster 0.00087
−0.0012

0.0053
−0.01

−0.0021
−0.0042

Top Theory 0.14
−0.14

l eff. −0.0066
0.0067

−0.0052
0.0053

−0.086
0.087

MET CellOut pileup 0.00055
−0.0019

0.0032
−0.0064

−0.0013
−0.0034

PDF −0.024
0.034

−0.0075
0.00035

Z+jets Theory 0.065
−0.065

MC stat. 0.072
−0.072

0.072
−0.072

2.5
−2.5

W+jets Theory 0.081
−0.081

Table E.4: Initial uncertainties of Transfer Factors to signal region for SRE (loose).

Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

CR1a 1 0 0 0

CR2 0.046 1 0.3 0.19 0.31

CR4 0 0 1 0.071 0

CR3 0.018 0 0.46 1 0.12

CR1b 0 0.039 0 1

SR 0.36 0.032 0.34 0.31 2.5

Table E.5: Initial cross Transfer Factors for SRA (medium).
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Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

Central value 0.36 0.032 0.34 0.31 2.5

JER 0.01
0

0.022
0

−0.021
0

−0.14
0

JES 0.0011
−0.00014

0.049
0.0087

0.0069
0.017

−0.46
0.9

Pileup 0
0.034

0
−0.014

l resoln. −0.0041
0.0092

−0.0039
0.0027

0
−0

Trigger −0.0018
0.0019

−0.0017
0.0017

−0.028
0.029

b-tag/veto eff. −0.027
0.039

−0.0032
0.0033

acc. Z+jets/ γ 0.096
−0.096

l scale. −0.0041
0.0055

−0.0052
0.00047

−0.05
−0.034

QCD smear. 0.019
−0.019

MET CellOut cluster 0.0012
−3.2e−05

−0.00074
−0.0061

−0.00082
−0.0015

Top Theory 0.2
−0.2

l eff. −0.0023
0.0024

−0.002
0.002

−0.032
0.032

MET CellOut pileup 0.00049
−1.8e−05

−0.00058
−0.0022

−0.00077
9.4e−05

PDF 0.006
−0.0094

−0.0067
0.014

Z+jets Theory 0.1
−0.1

MC stat. 0.078
−0.078

0.035
−0.035

0.46
−0.46

W+jets Theory 0.025
−0.025

Table E.6: Initial uncertainties of Transfer Factors to signal region for SRA (medium).
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Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

CR1a 1 0 0 0

CR2 0.028 1 0.063 0.08 0.15

CR4 0.00091 0 1 0.067 0.0049

CR3 0.017 0 0.41 1 0.091

CR1b 0 0.036 0 1

SR 0.39 0.1 0.23 0.19 2.2

Table E.7: Initial cross Transfer Factors for SRAp (medium).

Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

Central value 0.39 0.1 0.23 0.19 2.2

JER 0.013
0

0.0018
0

−0.0066
0

0.41
0

JES 0.0021
−0.0022

−0.015
−0.038

0.0096
0.0005

−0.064
0.48

Pileup 0
0.00075

0
−0.0068

l resoln. −0.00086
0.0037

−0.0015
0.0023

0
−0

Trigger −0.0013
0.0013

−0.001
0.001

−0.038
0.039

b-tag/veto eff. −0.012
0.019

−0.0019
0.002

acc. Z+jets/ γ 0.1
−0.1

l scale. −0.001
0.003

−0.0019
0.00074

−0.016
0.0057

QCD smear. 0.061
−0.061

MET CellOut cluster 0.00072
−0.00049

0.00054
−0.0016

0.00033
−0.0028

Top Theory 0.043
−0.043

l eff. −0.0016
0.0016

−0.0012
0.0012

−0.032
0.032

MET CellOut pileup 0.00051
−0.00016

−0.00031
0.00065

−0.00062
−0.00047

PDF 0.0038
−0.0054

0.00099
0.0073

Z+jets Theory 0.087
−0.087

MC stat. 0.039
−0.039

0.017
−0.017

0.26
−0.26

W+jets Theory 0.013
−0.013

Table E.8: Initial uncertainties of Transfer Factors to signal region for SRAp (medium).
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Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

CR1a 1 0 0 0

CR2 0.11 1 0.74 0.51 0

CR4 0 0 1 0.15 0

CR3 0.01 0 0.28 1 0

CR1b 0 0 0 0

SR 0.32 0.038 0.62 0.39 5

Table E.9: Initial cross Transfer Factors for SRE (medium).

Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

Central value 0.32 0.038 0.62 0.39 5

JER 0.03
0

0.047
0

0.0051
0

7.9
0

JES 0.021
−0.0063

0.044
0.013

0.0046
−0.012

3.8
0.79

Pileup 0
0.074

0
0.015

l resoln. −0.0043
0.018

−0.0038
0.0036

0
−0

Trigger −0.0037
0.0038

−0.0022
0.0023

−0.057
0.057

b-tag/veto eff. −0.043
0.063

−0.008
0.0084

acc. Z+jets/ γ 0.096
−0.096

l scale. −0.0052
0.014

−0.0027
0.00098

0
−0

QCD smear. 0.031
−0.031

MET CellOut cluster 1.4e−05
−2.7e−05

0.0022
0.012

0.00037
−0.0042

Top Theory 0.1
−0.1

l eff. −0.0047
0.0048

−0.0028
0.0028

−0.067
0.068

MET CellOut pileup 1.8e−05
−0.00055

−0.0043
0.00084

−0.0014
0.00033

PDF −0.032
0.046

0.0051
0.00084

Z+jets Theory 0.05
−0.05

MC stat. 0.11
−0.11

0.081
−0.081

3.2
−3.2

W+jets Theory 0.046
−0.046

Table E.10: Initial uncertainties of Transfer Factors to signal region for SRE (medium).
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Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

CR1a 1 0 0 0

CR2 0.032 1 0.05 0.32 0.49

CR4 0 0 1 0.43 0

CR3 0 0 0.053 1 0

CR1b 0 0.0039 0 1

SR 0.3 0.009 0.013 0.25 5.3

Table E.11: Initial cross Transfer Factors for SRA (tight).

Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

Central value 0.3 0.009 0.013 0.25 5.3

JER 0.011
0

−0.0013
0

−0.01
0

−1.4
0

JES 0.00085
−0.00028

0.0093
−0.012

−0.0049
−0.021

−2
1.7

Pileup 0
−0.0041

0
0.00072

l resoln. 0
0

−0.0023
0.0023

0
−0

Trigger −6.7e−05
6.8e−05

−0.0017
0.0017

−0.11
0.11

b-tag/veto eff. −0.00088
0.0014

−0.0027
0.0028

acc. Z+jets/ γ 0.08
−0.08

l scale. 0
0

0
0.001

0
−0

QCD smear. 0.009
−0.0089

MET CellOut cluster 0.0013
−2.2e−09

−0.00012
0.00022

−0.00045
−0.0091

Top Theory 0.012
−0.012

l eff. −9e−05
9.1e−05

−0.002
0.002

−0.12
0.12

MET CellOut pileup 0.00054
−1.7e−09

−0.00013
0.00015

−0.00045
0.00079

PDF 0.0023
−0.0036

−0.01
0.03

Z+jets Theory 0.85
−0.85

MC stat. 0.0091
−0.0091

0.089
−0.089

3.2
−3.2

W+jets Theory 0.023
−0.023

Table E.12: Initial uncertainties of Transfer Factors to signal region for SRA (tight).
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Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

CR1a 1 0 0 0

CR2 0.09 1 0.064 0.29 1.2

CR4 0 0 1 0.43 0

CR3 0 0 0.042 1 0

CR1b 0 0.0037 0 1

SR 0.38 0.011 0.022 0.14 4.2

Table E.13: Initial cross Transfer Factors for SRB (tight).

Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

Central value 0.38 0.011 0.022 0.14 4.2

JER 0.016
0

0.002
0

−0.0022
0

0
0

JES 0.016
−0.0081

0.0079
−0.0069

0.029
−0.019

1.8
−4.2

Pileup 0
−0.0061

0
−0.0064

l resoln. 0
0

−0.0014
0.0014

0
−0

Trigger −0.00011
0.00011

−0.00084
0.00085

−0.085
0.087

b-tag/veto eff. −0.0015
0.0023

−0.0015
0.0015

acc. Z+jets/ γ 0.1
−0.1

l scale. 0
0

0
0.00062

0
−0

QCD smear. 0.0078
−0.0078

MET CellOut cluster 0.0032
−1.2e−09

−0.00021
0.00038

−0.00031
−0.016

Top Theory 0.017
−0.017

l eff. −0.00015
0.00015

−0.00098
0.001

−0.081
0.084

MET CellOut pileup 0.0032
−1.4e−09

−0.00022
0.00025

−0.00031
−0.016

PDF 0.0035
−0.0056

−0.0022
0.015

Z+jets Theory 0.92
−0.92

MC stat. 0.013
−0.013

0.053
−0.053

3.1
−3.1

W+jets Theory 0.044
−0.044

Table E.14: Initial uncertainties of Transfer Factors to signal region for SRB (tight).
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Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

CR1a 1 0 0 0

CR2 0.18 1 0.37 0.16 0.44

CR4 0 0 1 0.095 0

CR3 0 0 0.36 1 0

CR1b 0 0.022 0 1

SR 0.32 0.0034 0.15 0.16 1.8

Table E.15: Initial cross Transfer Factors for SRC (tight).

Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

Central value 0.32 0.0034 0.15 0.16 1.8

JER 0.0071
0

0.00068
0

0.0089
0

0.79
0

JES 0.013
−0.04

0.0022
0.031

0.033
−0.03

1
0.63

Pileup 0
−0.0073

0
−0.0031

l resoln. −0.0036
0.00099

−0.0015
0.00073

0
−0

Trigger −0.00078
0.00079

−0.00081
0.00082

−0.027
0.027

b-tag/veto eff. −0.016
0.022

−0.0031
0.0033

acc. Z+jets/ γ 0.085
−0.085

l scale. −0.0036
0.005

−0.00037
0.00037

0
−0.13

QCD smear. 0.0044
−0.0025

MET CellOut cluster 0.0017
−0.00029

0.0026
0.0027

0.00031
0.0009

Top Theory 0.098
−0.098

l eff. −0.001
0.001

−0.00098
0.00099

−0.027
0.027

MET CellOut pileup 2.2e−09
−0.0033

0.0026
0.002

0.0021
0.00079

PDF −0.0056
0.0096

−0.0049
0.0057

Z+jets Theory 0.18
−0.18

MC stat. 0.074
−0.074

0.046
−0.046

0.63
−0.63

W+jets Theory 0.091
−0.091

Table E.16: Initial uncertainties of Transfer Factors to signal region for SRC (tight).



Chapter 6. Summary 128

Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

CR1a 1 0 0 0

CR2 0.4 1 0.57 0.35 0.95

CR4 0 0 1 0.13 0

CR3 0 0 0.32 1 0

CR1b 0 0.014 0 1

SR 0.29 0.02 0.2 0.26 2.1

Table E.17: Initial cross Transfer Factors for SRD (tight).

Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

Central value 0.29 0.02 0.2 0.26 2.1

JER 0.053
0

0.023
0

0.046
0

4.1
0

JES 0.033
−0.0098

0.01
0.024

0.033
−0.039

2.2
2.5

Pileup 0
0.00063

0
0.0082

l resoln. −0.0056
0.0015

−0.0043
0.0021

0
−0

Trigger −0.00094
0.00095

−0.0014
0.0014

−0.02
0.021

b-tag/veto eff. −0.024
0.034

−0.0065
0.0069

acc. Z+jets/ γ 0.076
−0.076

l scale. −0.0056
0.0078

−0.001
0.0011

0
−0.23

QCD smear. 0.012
−0.012

MET CellOut cluster 2.2e−09
−5.6e−09

0.0023
0.0044

0.0047
0.0036

Top Theory 0.12
−0.12

l eff. −0.0013
0.0013

−0.0017
0.0017

−0.022
0.022

MET CellOut pileup 9.8e−10
−5.6e−09

0.0022
0.0025

−0.0015
0.0043

PDF −0.0076
0.013

−0.0038
0.013

Z+jets Theory 0.19
−0.19

MC stat. 0.088
−0.088

0.078
−0.078

1.1
−1.1

W+jets Theory 0.036
−0.036

Table E.18: Initial uncertainties of Transfer Factors to signal region for SRD (tight).
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Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

CR1a 1 0 0 0

CR2 0.16 1 0.72 0.53 0

CR4 0 0 1 0.18 0

CR3 0 0 0.16 1 0

CR1b 0 0 0 0

SR 0.31 0.04 0.32 0.26 2.7

Table E.19: Initial cross Transfer Factors for SRE (tight).

Region Main CR/Process

CR1a / Z/γ+jets CR2 / QCD jets CR4 / tt̄+ Single Top CR3 / W+jets CR1b / Z/γ+jets

Central value 0.31 0.04 0.32 0.26 2.7

JER 0.045
0

0.055
0

0.042
0

1.8
0

JES 0.03
−0.0099

0.13
−0.03

0.037
−0.011

0.71
4

Pileup 0
0.078

0
−0.0097

l resoln. −0.0059
0.013

−0.004
0.0024

0
−0

Trigger −0.0019
0.0019

−0.0014
0.0014

−0.037
0.037

b-tag/veto eff. −0.037
0.054

−0.0066
0.0071

acc. Z+jets/ γ 0.091
−0.091

l scale. −0.0059
0.008

−0.0026
0.0012

0
−0

QCD smear. 0.022
−0.022

MET CellOut cluster 0.00019
−0.00012

−0.0043
0.0075

−0.0022
−0.0077

Top Theory 0.2
−0.2

l eff. −0.0024
0.0025

−0.0018
0.0018

−0.041
0.042

MET CellOut pileup 2.7e−05
−0.0004

−0.0029
0.0038

−0.0015
0.0038

PDF −0.019
0.03

0.011
−0.0044

Z+jets Theory 0.081
−0.081

MC stat. 0.092
−0.092

0.067
−0.067

2.1
−2.1

W+jets Theory 0.031
−0.031

Table E.20: Initial uncertainties of Transfer Factors to signal region for SRE (tight).



Appendix F

Simultaneous Normalisation with low
event counts

In the searches for SUSY the sensitivity to highest mass particles is bound to a good understanding of the
high mass tail of kinematic observables. Any background to those searches is normalized by an additional
measurement (control region) near to the kinematic selection chosen for discovery of new physics (signal
region). As there are several backgrounds and thus several control regions a cross contamination of
backgrounds processes in the control regions can occur. Therefore a simultaneous normalization is
mandatory. The combination of the simultaneous fit and the push to high mass regions leads to the
following question: Is the normalization and interpretation still valid if very low or even zero events
are observed in control regions? To illustrate this a minimal complex toy example has been made. If
we assume a problem with two background processes bW and btt, and two normalization regions WR
and TR, respectively. The amount of background in the signal region is estimated via a fixed transfer
factor cW→S R and ctt→S R. The amount of e.g. W in the signal region is then WS R = cW→S R × bW where
bW is already constrained by the measurement in the W control region. The likelihood L(n|µ, b) for the
counting model:

L(n|µ, b) = PSR × PWR × PTR (F.1)

= P(nS |λS (µ, b)) × P(nWR|λW(bW)) × P(nTR|λT (bT )) (F.2)

Each Poisson function PiR uses as input the measured number of events in the region, ni, and the expected
number of events λi. The λi depend only on the bi for which the corresponding control region was
designed (ignoring cross contamination, signal contamination and additional nuisance parameters from
systematic uncertainties) and the transfer factor. µ is the signal strength.

λS R(µ, bWR, bTR) = µ · s + CW→SR · bW + CT→SR · bT , (F.3)

λWR(bWR) = bWR, (F.4)

λTR(bTR) = bTR. (F.5)

130
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Thus the expectations are defined by the following set of linear equations
1 CW→SR CT→SR

0 1 0
0 0 1




s
bW

bT

 =


λS R

λWR

λTR


The measurements in the control regions fix the expectations and thus the normalization of bWR and bTR.
Given this setup there is only one unique solution to the problem and it has to be kept in mind that the
measurement in the SR is not allowed to constrain bWR and bTR else the whole experiment is biased.
In the following a set of numbers are assumed corresponding to a low counting regime combined with
changing the number of observed events in WR to 0, 2 or 4.

• Expected W events in SR : 2

• Expected W events in WR : 2

• Expected signal events in SR : 10

• Observed events in SR : 4

• Observed number in TR : 2

• Expected T events in TR : 2

• Expected T events in TR : 2

• CW→SR : 1

• CT→SR: 1

The system is solved numerically (this has to be done latest when including additional nuisance
parameters) with the MIGRAD and MINOS implementation of Minuit. MIGRAD uses the HESSE
formalism to calculate uncertainties. The results are presented in dependence of the measurement in WR
in Fig. F.1. In all figures the dependency on the measurement in WR is shown.

In case of 0 measured events in WR bW is fitted to 0 as expected, see Fig. F.1(a) and the MIGRAD
minimization converges. However MIGRAD cannot calculate an uncertainty on bW . In all cases where
the observed events is non-zero the propagation of uncertainties works.
To generate the unconditional ensemble the most probable values of the nuisance parameters have to
be calculated. This coincides with the simultaneous fit described before. In Fig. F.2 distributions of
the conditional ensemble are shown. In Fig. F.2(a) the generated data in WR is shown and as the most
probable value is 0 the generated data is as well 0. In Fig. F.2(b) the profile likelihood ratio is shown and
shows discrete steps corresponding to the discrete outcomes of the Poisson pdf distributions.

In the following next to minimal example a cross contamination of btt in WR is turned on. The
matrix to solve then looks like:
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(e) Fitted Number of tt events in TR

Figure F.1: Fitted number of events in the toy example described in the text.


1 CW→SR CT→SR

0 1 CT→WR

0 0 1




s
bW

bT

 =


λS R

λWR

λTR


and the numbers example expands to:

• Expected W events in SR : 2

• Expected W events in WR : 2

• Expected signal events in SR : 10

• Observed events in SR : 4

• Observed number in TR : 2
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Figure F.2: Generated data in WR and profile likelihood ratio distribution of the unconditional ensemble
of the toy example described in the text.

• Expected T events in TR : 2

• Expected T events in TR : 2

• CW→SR : 1

• CT→SR: 1

• CT→WR: 0.5

The same effect as before is seen on bW ,see Fig. F.3, which is normalized to 0 with 0 measured in WR.
The tt process however is as well constrained by this which can be seen in Fig. F.3(e). In case of 0
measured events in WR the fitted btt does take a value between 2 (measured in tt region) and 0. In any
other case btt is solely constrained by TR. In Fig. F.4 the generated data in the WR and the TR is shown
and the profile likelihood ratio distribution. The same conclusion as in the previous example holds. In
case of 0 observed events in any control region the problem becomes ill defined.

To conclude: the profile likelihood construction does not work in case of 0 observed events in one
of the control regions. Counting regions other than the SR with 0 events observed should be removed
from the likelihood model. A possibility to gain more statistics in a control region is to relax some of
the requirements. This has usually the pitfall that additional uncertainties from the interpolation due to
different phase space requirements occur. Another option would be to translate the fact that 0 events
were observed in the CR corresponding to process i into an upper limit of process i in the SR. this has the
pitfall that the likelihood function has to be rewritten. This can be done, however in a highly automated
setup this can get complicated. As the profile likelihood construction is at its edge in this situation the
conditional ensemble might be more appropriate to consider. The minimization works from a technical
point of view as long as at least one event is visible in the counting region.
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(a) Fitted Number of W events in WR/MIGRAD

WR Observed

1 0 1 2 3 4

F
it
te

d
 W

 e
v
e

n
ts

 i
n

 W
R

(M
IN

O
S

)

0

1

2

3

4

5

6

(b) Fitted Number of W events in WR/MINOS
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(e) Fitted Number of tt events in TR

Figure F.3: Fitted number of events in the next to minimal toy example described in the text.
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(b) Generated data in TR
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Figure F.4: Generated data in WR and TR and profile likelihood ratio distribution of the unconditional
ensemble of the next to minimal toy example described in the text.
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