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Abstract

A search for supersymmetry in final states with exactly two leptons (electrons or
muons) is presented. These leptons can be of any flavour or sign combination,
with events being selected by imposing constraints on the Razor variables. The
analysis is performed on the full 2011 dataset of proton-proton collisions at 7 TeV
centre-of-mass energy, totalling an integrated luminosity of 4.7 fb−1, gathered by
the ATLAS experiment at the CERN Large Hadron Collider. No significant devia-
tion from the Standard Model expectation is observed. Exclusion limits are placed
on the parameter space of Gauge Mediated supersymmetry, the constrained mini-
mal supersymmetric extension to the Standard Model and simplified SUSY-inspired
models.

In addition the nature of noise bursts and sporadically noisy channels in the
ATLAS Liquid Argon calorimeter is studied. This includes the development of a
tool for use by data quality experts at ATLAS to facilitate the identification and
flagging of cells suffering from sporadic noise. This results in an average of less than
0.001% of calorimeter cells being flagged as sporadically noisy in each ATLAS run.
The origin of the noise remains unknown, though is shown to display correlations
with instantaneous luminosity, particularly in the barrel pre-sampler.
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Introduction

The work contained within this thesis pertains to physics analysis and detector
performance studies performed on data collected by the ATLAS detector at the
Large Hadron Collider at CERN, Geneva. Chapter 1 outlines the basic concepts
of particle physics, summarising the Standard Model as a theory describing the
constituents of matter and their interactions. Focus is set on discussing evidence
hinting at the limited scope of the Standard Model, with the implication of new
physics lying beyond. Particular attention is given to supersymmetry, a theory of
new physics which aims to resolve the short-comings of the Standard Model.

In Chapter 2 the Large Hadron Collider and the ATLAS experiment are in-
troduced. An attempt is made to summarise all major accelerator, detector and
reconstruction components, with emphasis put on the Liquid Argon Calorimetry
system. The structure of the Liquid Argon detection systems and read-out electron-
ics is discussed in detail, in anticipation of the next chapter. Chapter 3 documents
several studies regarding the characterisation of, and issues related to, noise in the
Liquid Argon Calorimeter.

Chapters 4 and 5 outline definitions concerning the object and event selection
associated with the supersymmetry analysis that is the focus of this dissertation.
The nature of the dataset and the methods employed to identify various physics ob-
ject (eg. electrons, muons) as well as event level quantities (eg. missing transverse
momentum) are presented first. These explanations are followed with the introduc-
tion of the variable set used to achieve signal-to-background discrimination in this
analysis, the Razor variables.

The di-lepton Razor analysis, and the collaborative effort amongst the com-
bined Razor analysis team at ATLAS, is presented in Chapter 6. This section lays
out the analysis and is mostly dedicated to the identification, understanding and
estimation of the background processes contributing to a di-lepton supersymmetry
search. In addition, the signal models upon which the search is targeted are detailed.

The analysis results are presented in Chapter 7. Statistical analysis of the signal
regions allows the placement of limits on the parameter space of the supersymmet-
ric signal models studied. The resulting exclusions are compared to those of other
supersymmetry analyses within the ATLAS community. In addition, the selection
power of the variable set used in the signal selection process is scrutinised against
alternative variables employed by other new physics analyses. To conclude, the

ix



work contained herein is recapitulated and reflected upon in the closing Chap-
ter. Additionally, the potential for future analysis efforts are contemplated and
discussed.

Author’s Contribution

The work contained within this thesis is the work of the author. All distributions
and plots have been generated by the author unless otherwise referenced. Much
of the work concerning the Liquid Argon Calorimeter was carried out under the
guidance of other collaboration members. The Razor analysis at ATLAS is carried
out in a combination of zero-, one- and two-lepton final states, and the author is
solely responsible for the two-lepton contribution.
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Chapter 1

Theory and Motivation

Particle physicists strive to comprehend the workings of the universe on a fundamen-
tal level. The Standard Model of particle physics comprises the current accepted
understanding of particles and their interactions. Despite the model’s success in
its description of observed phenomena, it is not a complete theory. Having been
verified to high precision, the Standard Model is not thought to be incorrect, rather
it presents a low energy approximation of a more comprehensive theory. Candi-
dates for new physics models, such as Supersymmetry, build upon the Standard
Model in an attempt to provide a more complete description of the fundamental
laws governing our universe.

1.1 The Standard Model

The Standard Model (SM) [1] is a theory that aims to explain current observations
of fundamental particles and the forces between them. It is based upon symmetry
arguments and formulated using quantum field theory [2], treating particles as a
quantisation of particle fields, to describe the electromagnetic, strong and weak
nuclear forces. The symmetries upon which the SM is built result in several quanti-
ties that are necessarily conserved, comprising fundamental conditions of the theory.
Examples of such quantities include energy, which is always conserved, with some
quantities, such as parity or flavour, being conserved only within a given scope. The
SM has been a tremendous success, with real-world observations and measurements
well matched to its description of physical phenomena. Since its completion in the
1970s it has been probed in detail by experiments, permitting its verification to
high precision. The most exceptional feature of the SM promoting its validity is its
repeated demonstration of prediction and observation, with a particle’s existence
being inferred before subsequent discovery. An example of one such particle is the
top quark [3].

The Standard Model introduces two main families of particles. Fermions are
the matter particles. They have half-integer spin and include leptons and quarks.
Bosons are the force-carriers. These have integer-spin and are responsible for prop-
agating the electromagnetic (EM), strong and weak forces. A mechanism fully
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2 Chapter 1. Theory and Motivation

describing the nature of the gravitational force is yet to be incorporated into the
SM. There is, in addition, a particle postulated to be responsible for the fundamen-
tal particles acquiring mass. This particle, the Higgs boson, is discussed separately
in this section.

1.1.1 Matter

The fermionic particles of the SM constitute the normal matter surrounding us.
Fermions themselves are divided into two groups based on their interactions. Quarks
possess fractional charge and interact via the strong, weak and EM forces. Leptons
do not interact strongly, coupling only to the weak and/or EM forces. There exist
a total of twelve known quark and lepton flavours, six of each. These are listed in
Table 1.1 with their respective charges and masses. They are grouped together in
three so-called “generations,” with the lowest mass fermions comprising the first
generation and the generations increasing respective of mass thereafter. Only the
first generation of quarks and leptons are stable, with second and third generation
fermions decaying into their lighter counterparts. In the SM quarks and leptons
are described by massless fermionic fields, denoted ψ, according to quantum field
theory. As the quanta of a fermionic field, quarks and leptons obey Fermi-Dirac
statistics, which results, among other things, in the Pauli Exclusion Principle1.

The three massive leptons are the electron, the muon and the tau. All of these
are negatively charged, with the electron being the only one that is stable. Each
of the charged leptons are paired with a neutral lepton called a neutrino. Neu-
trinos only interact weakly in the SM and so tend to be produced in radioactive
decays, or indeed, nuclear reactions such as those that take place in the Sun. As a
result of their couplings they are very difficult to detect. Neutrinos were initially
thought to be massless until the solar neutrino problem lead to the discovery of
neutrino flavour oscillations and the implication of a non-zero mass [4,5]. Each one
of the charged leptons is partnered with an anti-lepton, which has the same mass
but is oppositely charged. All leptons have “lepton number,” L = 1 (L = −1 for
anti-leptons). Leptonic interactions must conserve lepton number, and so this is a
conserved quantity in the SM2.

The six quarks can all interact via the strong, weak and EM forces. These six
are the up, down, charm, strange, top and bottom quarks. They carry fractional
electric charge and also possess an additional “colour” charge. The value of this
additional quantum number can be either “red,” “green” or “blue;” or “anti-red,”
“anti-green” or “anti-blue,” in the case of their anti-particles. Individual quarks are
not seen in nature, rather they are bound in colourless states known as “hadrons.”
Hadrons are themselves split into “baryons” and “mesons.” A baryon is formed
when three quarks, (qqq), comprise a composite particle, with the proton, com-
prised of two up quarks and one down quark (uud), being one such example. A
conserved quantum number concerning quarks is baryon number, B, which takes

1The Pauli Exclusion Principle asserts that no two fermionic particles are permitted to occupy
the same quantum state simultaneously.

2Lepton number is also conserved across lepton flavours.
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on values of 1 for baryons and −1 for anti-baryons. Mesons, by contrast, are bound
quark–anti-quark states, (qq̄), and are assigned B = 0. Hadrons such as ∆++,
which has quark structure (uuu), demonstrate the significance of colour charge,
without which the existence of such a state would be forbidden under the Pauli
Exclusion Principle.

Generation 1 2 3 Charge Mass

Leptons
e µ τ −1 0.511 MeV 105.7 MeV 1.78 GeV
νe νµ ντ 0 < 2 eV

Quarks
u c t +2/3 2.3 MeV 1.27 GeV 160-173.5 GeV
d s b −1/3 4.8 MeV 95 MeV 4.18-4.65 GeV

Table 1.1: The matter particles of the Standard Model with their respective masses
and electric charges from Ref. [6].

1.1.2 Forces

Perturbative quantum field theory explains forces as being mediated by messenger
particles, which mediate interactions between matter particles. In the SM the so-
called “gauge bosons” are the messenger particles. They have integer spin, and they
are of four known types. The gluon is a massless vector boson that interacts with
coloured particles. As a result, it is responsible for the strong force. The photon is
also a massless vector boson, but it interacts only with electrically charged particles
and is therefore the mediator of the EM force. The weak force has more than one
vector boson associated with it. The W± and Z0 bosons are massive particles in
contrast to their electromagnetic and strong counterparts, with masses of 80.4 GeV
and 91.2 GeV respectively. The gauge bosons are summarised in Table 1.2, and the
mechanism by which they come to be is discussed further in this section.

Force Boson Charge Mass

Strong g 0 0
Electromagnetic γ 0 0

Weak
W± ±1 80.3 GeV
Z0 0 91.2 GeV

Table 1.2: The gauge bosons of the Standard Model with their respective masses
and electric charge from Ref. [6].

Each force in the SM is described by a gauge group. The SM is described by the
non-Abelian3 symmetry group SU(3)C⊗SU(2)L⊗U(1)Y . The derivation of the SM
is based upon demanding gauge invariance under the transformations of this group.

3The term non-Abelian is used to describe a group in which not all of the elements commute.



4 Chapter 1. Theory and Motivation

The theory describing the EM force is quantum electrodynamics (QED), and it
invokes gauge invariance under U(1)Q transformations. QED is a relativistic field
theory in which observed particles are the result of an excitation of their associated
field. The EM field is the interacting field in QED, and its excitation results in
the photon, the propagator of the EM force. The photon couples with particles
possessing electric charge, such as quarks and the massive leptons. Photons are
charge neutral and do not couple to themselves, in-line with the Abelian nature of
U(1)Q.

Quantum chromodynamics (QCD) describes the invariance of fermion fields un-
der the SU(3)C group and corresponds to the strong nuclear force. Only coloured
particles interact via the strong force, thus strong interactions are limited to the
quarks and their anti-particles in addition to the associated gauge boson. The
colour quantum number permits gluons to undergo self-interactions, with gluons
existing in a superposition of combined colour–anti-colour states. These colour
combinations result in there being eight massless gluons. Colour charge is a con-
served quantity in SU(3)C , and QCD dictates that free particles cannot exist with
colour. In this spirit free quarks and gluons have never been observed.

The invariance of fermion fields under SU(2)L transformations describes the
weak nuclear force, where here the L subscript indicates left-handed fermion in-
teractions. Fermion fields are comprised of left- and right-handed components:
ψ = ψL + ψR. The weak interaction concerns only the left-handed components
of the fermion fields, a demonstration of the weak interaction’s violation of parity
conservation. It is a short range interaction, hinting towards a massive messenger
particle.

The Electroweak (EW) theory culminates the understanding of the weak in-
teraction and QED as a unified gauge theory. This demands invariance under
SU(2)L ⊗ U(1)Y transformations. Here the electromagnetic interactions are de-
scribed by a combination of U(1)Y and SU(2)L, in contrast to U(1)Q that concerns
only the EM force according to QED. The conserved quantity in QED is electric
charge (Q), whereas SU(2)L demands conservation of isospin (third component), I3,
and in U(1)Y the conserved quantity is hypercharge, Y . The relationship between
these quantities is given by:

Q = I3 +
1

2
Y. (1.1)

The SU(2)L symmetry gives rise to three massless bosons, W 1,2,3
µ , and the non-

Abelian nature of the group allows these to undergo self-interactions. The U(1)Y
symmetry contributes one additional massless boson, Bµ.

At this point in the theory, all EW bosons are massless. Of course this is con-
flicting with observations in nature, since only the photon is found to possess zero
mass and the nature of the weak force indicates that massive gauge bosons are re-
quired as mediators. Additional problems arise from the fact that SU(2)L requires
massless fermions, just as QCD demands that quarks possess no mass. In order for
the weak gauge bosons, and indeed the fermions, to have acquired mass, the EW
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symmetry must be a broken symmetry.

1.1.3 The Higgs Mechanism

To explain the presence of massive fermions and weak vector bosons, the SU(2)L⊗
U(1)Y symmetry governing EW theory must spontaneously break, leaving distinct
U(1)Q and SU(2)L components. The Higgs mechanism offers a solution. This
mechanism proposes the existence of a Higgs field, a complex scalar field that
possesses a non-zero vacuum expectation value (VEV). This VEV is not invariant
under SU(2)L ⊗U(1)Y gauge transformations, and therefore breaks the SU(2)L ⊗
U(1)Y symmetry. The symmemetry breaking results in mass terms in the SM
Lagrangian for quarks and leptons. Mixing of the gauge bosons from SU(2)L ⊗
U(1)Y result in the charged W±-boson fields

W± =
W 1
µ ∓ iW 2

µ√
2

, (1.2)

the neutral Z-boson fields

Z0 = cosθwW
3
µ − sinθwBµ, (1.3)

and the massless photon field

Aµ = cosθwBµ + sinθwW
3
µ , (1.4)

where θw is the weak mixing angle. The fact that Z0 includes an EM component
results in its ability to couple to right-handed fermions, while the W± is restricted
to left-handed interactions.

The excitation of the scalar Higgs field gives rise to a neutral scalar boson.
This proposed boson couples to weak gauge bosons and fermions in proportion to
the mass they acquire from interacting with the Higgs field itself. Since the Higgs
mechanism has been put forward as an explanation of EW symmetry breaking and
describes the origin of mass in the SM, the SM is essentially incomplete without it.
Originally suggested in 1964, the Higgs has been fervently sought after by particle
physicists for decades. The elusive boson proved difficult to find, with the limits
being placed on the possible Higgs mass resulting in the accepted mass range be-
coming ever narrower.

On July 4th, 2012, the ATLAS [7] and CMS [8] experiments formally announced
the discovery of a new boson with properties consistent with a Higgs boson. Each
experiment made the observations independently, quoting a Higgs mass, mH , of

126±0.4(stat.)
0.4(syst.) GeV [9] and 125.3±0.4(stat.)

0.5(syst.) GeV [10], respectively.
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1.1.4 Short-comings of the Standard Model

The SM has been introduced as a physics success, describing and predicting obser-
vations in nature with satisfactory, and sometimes astounding, accuracy. Unfortu-
nately the SM does not provide a complete picture. There is no obvious candidate
particle to explain the nature of dark matter, which will be discussed in the coming
sections, and the SM fails to confront the matter – anti-matter asymmetry in the
universe. Gravity is not incorporated into the SM, with the strength of the gravi-
tational force being many orders of magnitude lower than the strength of the other
forces. In fact the gravitational force does not reach a strength comparable to that
of the other forces until energies approaching 1018 GeV, with possible unification
of the four forces occurring around the Planck scale, ΛPL ∼ 1019 GeV. The reason
for this hierarchy of scales in physics is a mystery, and it leads to the hierarchy
problem [11], explained below.

H H

f

f

Figure 1.1: Feynman diagram depicting a fermion loop, contributing a correction
to the Higgs mass.

The Higgs boson mass, both by necessity and according to recent observations,
is at the EW scale of ∼ 100 GeV (∼ 125 GeV according to recent experimental
results). This mass is subject to radiative corrections from quantum loop interac-
tions with fermions and bosons. An example of such a loop is shown in Figure 1.1.
These quantum corrections are of order ∆m2

H ∼ f2Λ2, where f is a factor contain-
ing other terms (including the mass of the particle the Higgs is coupling to and the
associated coupling squared), and Λ is the cut-off scale of the theory. That is to
say, the Higgs mass term is sensitive to the scale of physics beyond the EW scale.
For a cut-off scale of Λ ∼ 1 TeV the corrections to the Higgs mass are small, with
large divergences being avoided. If the SM as it is now were the final word, and
therefore considered valid up to ΛPL, the Higgs mass will be subject to enormous
corrections ∼ Λ2

PL. The quantum corrections to the physical Higgs mass term
would require the bare Higgs mass to be O(ΛPL) before the loop corrections. The
model then needs to be fine-tuned such that quadratic terms of this order cancel to
within ∼ 100 GeV. Such exact tuning without adequate physical motivation spoils
the naturalness of the theory, making it far less attractive. This problem serves as
motivation for theories suggesting the existence of new physics between the EW and
Planck scales, with the SM being a low energy approximation valid up to Λ ∼ 1 TeV.
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1.2 Supersymmetry

Supersymmetry (SUSY) is a theory that postulates a new symmetry between
fermions and boson such that every SM boson has a fermionic “super partner,”
and every SM fermion a bosonic “super partner.” These SUSY particles, or “spar-
ticles,” are identical to their SM counterparts in every way with the exception of
the difference in spin. The naming convention for these new particles is to add the
prefix s- for the super partner of a SM fermion, and the suffix -ino to the super
partner of a SM boson. For example the super partner of an electron is a selectron,
ẽ, and the gluons super partner is known as the gluino, g̃. Supersymmetric particles
are labelled with a tilde, as shown above, in order to distinguish them from their
SM counterparts. A summary of the SM particles and their SUSY partners is given
in Table 1.3.

SM particle Spin Super partner Spin

` 1
2

˜̀
0

q q̃

g

1

g̃
1
2B B̃

W±,W 0 W̃±, W̃ 0

H+
u , H

0
u, H

−
d , H

0
d 0 H̃+

u , H̃
0
u, H̃

−
d , H̃

0
d

1
2

Table 1.3: The particles of the Standard Model and their MSSM super partners.

As with the Standard Model, supersymmetry invokes quantum field theory, and
the gauge theory upon which it is based leads to the introduction of two sets of fields.
Chiral fields associated with the SM fermions produce their bosonic SUSY coun-
terparts. The nature of this field results in left-handed and right-handed fermions
being treated differently, with right-handed fermions becoming members of these
chiral fields by way of their charge conjugate. This results in the two projections
being treated as separate particles in SUSY. In the case of the SM bosons, vector
fields link with the associated fields of the SM gauge bosons to produce fermionic
super partners.

If SUSY represents an exact symmetry between fermions and bosons, then spar-
ticles would be expected to possess masses identical to those of their SM counter-
parts. Experiments denounce the existence of, for example, a particle with identical
mass to that of the electron whose spin differs by one half integer. The conclusion
is that SUSY is a broken symmetry. It is thought that SUSY breaking is analogous
to electroweak symmetry breaking, although the mechanism responsible for SUSY
breaking is unknown. There are a number of models that attempt to explain the
occurrence of SUSY breaking, and the details concerning each of these impact the
features and phenomenology of SUSY.
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The reason for SUSY being a favoured theory to provide an extension to the SM
is its natural introduction of a large number of particles. The hierarchy problem has
already been discussed, but the introduction of these new particles to the SM could
counteract the divergences of the Higgs mass corrections. These loop corrections
can be written in terms of the fermionic and bosonic contributions, as

∆m2
H ∼ λ2

f (Λ2 +m2
f ...)− λB(Λ2 +m2

B ...), (1.5)

where λf and λB are the couplings of the Higgs to the SM fermions and bosons
respectively, mf and mB the fermion and boson masses. The addition of sparticles
to the SM results in each fermionic term earning one extra bosonic contribution,
and vice versa. From Equation 1.5 this resolves the quadratic divergences naturally
for the case λ2

f = λB , providing an elegant solution to the hierarchy problem. The
naturalness of this cancellation is preserved provided the difference in mass between
SM particles and their super partners is not beyond O(1) TeV.

1.2.1 Minimal Supersymmetric Standard Model

The extension to the SM which requires the introduction of the minimum number
of particles, and therefore the fewest adjustments, is called the Minimal Supersym-
metric Standard Model (MSSM). Mass terms are added to the SM Lagrangian,
constrained such that the hierarchy problem remains resolved. The first most no-
ticeable modification concerns the Higgs mechanism. Given the nature of the chiral
fields introduced in the implementation of SUSY, the single scalar Higgs field is
not sufficient to give mass to both left- and right-handed fermions. One additional
scalar field is introduced to compensate. In the SM the Higgs field is a doublet,
and of the four associated degrees of freedom only one remains as a consequence of
EW symmetry breaking, resulting in one Higgs boson. The two Higgs doublets of
the MSSM are

Hu =

(
H+
u

H0
u

)
, Hd =

(
H0
d

H−d

)
;

which total eight degrees of freedom, three of which are lost in EW symmetry
breaking. There are therefore five Higgs bosons in the MSSM: h0, H0, H+, H−, A0.
The one that most closely resembles the Higgs boson of the Standard Model is h0,
which is the lightest of the five.

In the SM, mixing of the electroweak gauge bosons yield the mass eigenstates γ,
Z and W±. In the MSSM the charge neutral higgsinos and gauginos mix to form
the four neutralinos: χ̃0

1, χ̃
0
2, χ̃

0
3, χ̃

0
4. Similarly the charged higgsinos and winos mix

resulting in two charginos: χ̃±1 , χ̃
±
2 .

In the MSSM baryon and lepton number violating couplings are allowed. This
is problematic as it implies that a proton can decay, with a lifetime of around 102 s,
to final states including leptons and mesons. In fact, the proton is observed to be
stable, with a lifetime lower limit of 1.6× 1033 years according to experiment [12].
This motivates the introduction of a new conserved quantum number called “R-
parity,” defined as
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R = (−1)3(B−L)+2s (1.6)

where B and L are baryon and lepton number, and s denotes the spin. SM particles
and SUSY sparticles have R-parity +1 and−1 respectively. The conservation of this
quantum number influences the phenomenology of the MSSM greatly. R-parity is
multiplicative, incurring the need for sparticles to be created in pairs. Furthermore
each sparticle must decay into an odd number of sparticles thereafter to ensure
R-parity conservation. Consequently the lightest supersymmetric particle (LSP)
must be stable in R-parity conserving SUSY models. Naturally the properties of
the LSP vary according to the SUSY model with which it is associated, though
there are some inherent constraints on its nature. Since no such particle has as yet
been observed, the LSP must be non-baryonic, charge neutral and weakly interact-
ing. A particle fitting these criteria presents an excellent candidate to account for
the elusive dark matter in the universe.

The existence of dark matter was first inferred as a result of an observed in-
consistency between the mass estimated from galaxy rotation curves and that from
their luminosity [13]. The difference in mass estimates is by no means insignificant,
with a discrepancy of two orders of magnitude between the estimated and visually
observed mass of the Coma cluster of galaxies, indicating a large presence of non-
luminous (dark) matter. Experimental constraints can be put on model parameters
in order to refine SUSY scenarios. Distance measurements from type 1a supernovae
combined with measurements on the cosmic microwave background (CMB) from
the Wilkinson Microwave Anisotropy Probe (WMAP) [14] yield the approximate
dark matter and dark energy densities of our universe.

1.2.2 Supersymmetry Breaking

The MSSM is formulated by adding the fewest new particles to the SM. Even with
the “minimal” adjustments produced by the MSSM, it contains 105 associated pa-
rameters. This presents a challenge for making predictions regarding the nature and
phenomenology of SUSY interactions. Conventionally the vast parameter space of
the MSSM is constricted upon applying physically motivated simplifications to the
MSSM. The MSSM can be refined further upon assuming the SUSY is broken due
to fields as yet unobserved in the SM, which do not couple to the “visible” MSSM
particles. SUSY breaking therefore occurs in a “hidden” sector, the effects of which
are propagated to the SUSY sector via some particle exchange. Many models based
on this framework exist, two of which are further discussed in the following.

mSUGRA

One of the models attempting to explain how SUSY breaking could be communi-
cated to the MSSM from the hidden sector is minimal SuperGravity (mSUGRA).
Here gravitational interactions mediate SUSY breaking from the hidden sector,
with these interactions originating from new physics occurring beyond 1010 GeV.
The introduction of mSUGRA constrains the MSSM greatly, reducing the number
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of associated parameters from 105 to 5. For this reason the mSUGRA interpreta-
tion of the MSSM is often referred to as the constrained Minimal Supersymmetric
Standard Model (cMSSM).

The five parameters characterising mSUGRA are m0, the GUT scale unified
scalar mass; m1/2, the GUT scale unified gaugino mass; A0, the trilinear coupling;
tanβ, where β is the ratio of the Hu and Hd VEVs; and sign(µ), the sign of the
higgsino mass parameter.

GMSB

In Gauge Mediated Supersymmetry Breaking (GMSB), SUSY breaking is mediated
by gauge interactions, communicated from the hidden sector via a so-called “mes-
senger” sector. The messenger fields couple to the MSSM and the hidden sector,
with the latter yielding a characteristic supersymmetric mass of the order Mmess,
and mass-squared splittings of order F . Within the messenger sector the scale of
SUSY breaking is

√
F , with the scale of SUSY breaking in the SUSY sector approx-

imately Λ = F/Mmess. The messenger sector itself is comprised of Ni superfields
(i = 1, ..., n), the excitation of which result in messenger particles. The squarks,
sleptons and gauginos get their masses as a result of gauge interactions with the
messenger particles, with the masses being determined by the strength of the gauge
couplings and the SUSY mass scale, Λ.

There are six free parameters associated with the GMSB. The SUSY mass scale,
Λ, typically expected to be 1 – 100 TeV to ensure the cancellation of the quadratic
divergences in the Higgs loop corrections are not overly fine-tuned, with sparticles
at the weak scale (∼ 100 GeV). Second is the messenger mass, Mmess, indicating
the mass scale of SUSY breaking in the messenger sector. The number of messenger
fields, denoted N , influences the sparticle mass spectrum, with msfermion ∝

√
N

and mgaugino ∝ Ni. The ratio of the Higgs VEVs, tanβ, is a free parameter in the
GMSB similarly to mSUGRA, as is sign(µ). Finally Cgrav dictates the lifetime of
the next-to-lightest supersymmetric particle (NLSP).



Chapter 2

The ATLAS Experiment and
the LHC

The Large Hadron Collider (LHC) at CERN (European Organisation for Nuclear
Research) is the largest scientific experiment in history. After a year of repairs
following a fault in 2008, the LHC is now successfully colliding proton beams in
the 27 km accelerator ring, located 100 m beneath the Swiss-Franco boarder in the
tunnel which used to house the Large Electron-Positron Collider (LEP). A faulty
electrical connection between two bending magnets caused a magnet quench, dam-
aging 53 magnets and resulting in the loss of approximately six tonnes of liquid
helium. This meant that the LHC was not ready for operation until almost a year
later. In the early hours of November 30th 2009, the proton beams were acceler-
ated to an impressive 1.18 TeV, exceeding the 0.98 TeV reached by the US Fermi
National Accelerator Laboratorys Tevatron collider. This makes the LHC not only
the largest, but the highest energy particle accelerator in the world. Its successful
operation marks the beginning of a new era for particle physics.

Collisions occur at four points around the LHC at the sites of the four main
experiments, ALICE (A Large Ion Collider Experiment) [15], ATLAS (A Toroidal
LHC ApparatuS) [7], CMS (Compact Muon Solenoid) [8], and LHCb (Large Hadron
Collider beauty) [16]. An overview of the LHC ring and the position of each of the
experiments therein is shown in Figure 2.1. LHCb specialises in physics associated
with the b-quark, while ALICE studies collisions of lead nuclei, in a bid to under-
stand the strong interaction at high energy densities. CMS and ATLAS are both
multi-purpose detectors designed to search for new physics beyond the Standard
Model.

2.1 The Large Hadron Collider

By pushing the energy frontier in particle collisions, searches at the LHC are per-
mitted to explore the nature of physics at the TeV scale. In 2011 the LHC provided
proton-proton collisions with a centre of mass energy (

√
s) of 7 TeV, still only half

11
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Figure 2.1: An overview of the LHC and the location of the four interaction
points, one for each experiment. ATLAS is situated on the Swiss side of the ring
right beside the main CERN site.

its design energy. The proton beams are comprised of “bunches” (1380 during 2011
data–taking1) of ∼ 1011 protons which collide 20 million times each second. This
bunch structure ensures that collisions occur at the desired collision points, where
the bunches cross paths. Each bunch was separated from the next by 50 ns, on
average, during 2011. With so many protons packed into each bunch, multiple
proton-proton collisions are associated with each bunch–crossing, resulting in an
average of ∼ 10 interactions per bunch-crossing in 2011. This number more than
doubles in 2012, and the centre-of-mass energy increases to of 8 TeV.These mul-
tiple collisions per bunch–crossing leads to a “pile-up” of events. Such conditions
demand high performance detectors in order to resolve individual events, and the
effects of event pile-up must be well understood. This is a challenging task, but new
physics processes, such as those from Supersymmetry, are incredibly rare compared
with far more common SM processes. This means that the LHC must provide a
large number of collisions in order to yield a sample of interesting events significant
enough to be isolated and identified. It is the luminosity of a particle accelerator

1This was the optimum number of colliding bunches in the LHC during 2011, though this
number was approached gradually, increasing in steps from 48 in April reaching 1308 in June.
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which dictates the number of events per unit cross-section per second that it is
possible to achieve. The luminosity of a collider is defined as:

L =
ν × γ ×Nb ×N2

p

4× π × ε× β∗ × F (2.1)

where ν is the collision frequency, γ is the relativistic gamma factor for the protons,
Nb is the number of proton bunches in the beam pipe, Np is the number of protons
per bunch, F describes a geometric characteristic due to the fact that the beams
cross at an angle, ε is the transverse beam emittance and β∗ is the β function of the
beam at the collision point. Both ε and β∗ are quantities describing the spread of
the beam in both position and momentum space. In 2011 the peak instantaneous
luminosity delivered at the LHC reached 3.6 × 1033 cm−2s−1, 36% of its design
luminosity of 1034 cm−2s−1. If the instantaneous luminosity of the LHC describes
the rate at which interactions occur, then this quantity may be integrated over time
to yield the total size of the collected data set. It is, therefore, common to quote
the dataset size in units of inverse cross-section. The rate of data acquisition at
ATLAS for the years 2010 through to 2012 can be seen in Figure 2.2. A set of
LHC operating parameters and their values for the 2011 proton-proton runs can be
found in Table 2.1.

Figure 2.2: Cumulative luminosity as a function of day during 2010, 2011 and 2012
proton-proton collisions [17].

Before entering the LHC tunnel, the protons are accelerated in a number of
stages through several smaller accelerators comprising the LHC injector complex.
A schematic of the LHC and associated accelerators is shown in Figure 2.3. Pro-
tons are produced in a small linac, called Linac-2. Here the protons are accelerated,
following their production, up to approximately 50 MeV. These protons then enter
the Proton Synchrotron Booster where they are further boosted to 1.4 GeV before
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Parameter Value

Centre-of-mass energy 7 TeV
Number of bunches per beam 1380
Number of protons per bunch 1.2–1.5× 1011

Bunch spacing 50 ns
Peak instantaneous luminosity 3.65× 1033 cm−2s−1

Mean interactions per bunch crossing 3–20
Beam spot 34 µm
β∗ 1.0 m
ε 2.4 µm
Relativistic γ-factor 3730
Geometric crossing factor 0.95
Beam crossing angle 200 µrad

Table 2.1: LHC operating parameters for 2011.

being fed into the Proton Synchrotron, where they are accelerated to energies of
26 GeV. The proton bunches are held together by means of the radio frequency
(RF) acceleration system used in the accelerator, where the bunches tend to sit at
the points of minimum RF. The Proton Synchrotron can hold up to seven proton
bunches at a time, though in practice only six “spaces” tend to be filled. This
“abort gap” is imperative to the clean transfer of proton bunches between accelera-
tor systems, as well as the eventual dumping of the beam altogether from the main
LHC ring. During the abort gap, “kicker magnets” within the rings are quickly
switched on. The magnetic field deflects the proton bunches out of the ring and on
to the next accelerator system. Ensuring a gap of a few µs prevents protons bunches
from passing between the magnets as they are turning on. Should this happen, the
protons would be deflected in the wrong direction, presenting a radiation hazard
and the risk of serious damage to the equipment.

From the Proton Synchrotron the protons are directed to the Super Proton
Synchrotron (SPS) to be accelerated further to 450 GeV. Once the protons have
completed this series of acceleration stages, they are ready to be injected into the
main LHC ring. This process continues until the two counter-rotating beams in
the LHC tunnel are filled with proton bunches. Following injection, the magnets
are ramped up to gradually increase the energy of each beam to half the target
centre-of-mass energy (3.5 TeV per beam during 2011). Running at full capacity,
the LHC will be capable of achieving energies of up to 7 TeV per beam, resulting
in a centre of mass energy of 14 TeV. In order to obtain such energies, 8.4 T super-
conducting magnets are used to bend the proton beams along the beam pipe. This
is done using 1232 dipole magnets along the LHC ring, in addition to over 3500
quadrupole corrector magnets which focus the beam. There are additional magnets
which provide higher order corrections. Superfluid helium ensures the magnets re-
main superconducting at a temperature of 1.9 K.

Once the beams have been successfully ramped up to operation energy, they go
through a “squeezing” stage. The beams are compressed in the transverse plane
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Figure 2.3: Schematic drawing of the Large Hadron Collider and its injection
complex. Also shown are the electron–positron accumulator (EPA) and the linear
accelerator used for LEP (LIL).

so as to concentrate the beam and maximise the number of interactions per bunch
crossing. When the proton beams have undergone all required adjustments and are
colliding at the desired centre-of-mass energy, LHC control declares that the beams
are in a “stable” state. This condition is called “stable beams” and should always
be true for data in use for physics analyses, though in practice experiments will en-
force their own additional data-taking requirements. At ATLAS once stable beams
have been achieved, the detector and experiment itself must too be declared “ready
for physics.” This condition is typically satisfied within a minute or two of stable
beams, and involves switching on many of the ATLAS detector sub-systems. In
particular the parts of the detector nearest the beam pipe are not switched on until
the beams are “stable,” so as not to risk beam splash damaging delicate detector
components. The longer the run duration, the more the instantaneous luminosity
drops off until after a beam duration of approximately 15 hours the beam must
be dumped and the whole setup started over. As more and more proton collisions
occur over time, the proton population within the beam decreases, resulting in this
luminosity drop. This means that the instantaneous luminosity obtained at an
interaction point in the LHC is always changing, becoming lower over time. The
beam dump marks the end of the current LHC “fill,” and more protons must then
go through the setup, injection and ramping process all over again. At ATLAS the
run duration is split into so-called “lumi-blocks” (LBs), small sections of time where
the luminosity is approximated to be constant. During 2011 one LB corresponded
to ∼ 60 s, and so it is LBs themselves that are flagged as having stable beams and
being ready for physics, making it easier to keep track of the beam conditions and
detector state over time.
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2.2 The ATLAS Detector

The ATLAS detector (shown in Figure 2.4) is 44m in length, 25m in diameter,
and weighs an enormous 7,000 tonnes, making it the largest2, of the four main
experiments situated around the LHC tunnel. As it is a multi-purpose detector, its
objectives are broad, including searching for Supersymmetric particles, the Higgs
boson, and any other new physics, as well as carrying out precise measurements of
SM particles. In this way ATLAS will aim to achieve both a better understanding
of the SM at high energies and an insight into any physics that exists beyond the
SM.

Figure 2.4: The ATLAS detector.

The ATLAS detector coordinate system is defined with the positive x-axis point-
ing towards the ring’s centre and the positive y-axis pointing upwards. The z-axis
points along the beam pipe following the beam line in the anti-clockwise direction.
The interaction point is defined at ∼ z = 0, and the detector is “split” at this
juncture into two halves denoted the “A” (z > 0) and “C” (z < 0) sides of the de-
tector. Since the ATLAS detector is itself cylindrical it is convenient to define the
transverse radius from the beam line, r, as

√
x2 + y2. Then θ represents the polar

angle with respect to the z-axis and φ is the azimuthal angle around the z-axis as
measured with respect to the x-axis.

2Though it is the largest, ATLAS is not the heaviest detector at the LHC. The CMS detector
weighs in at over 12,500 tonnes, even though it is far smaller than ATLAS!
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As the LHC is a pp (proton - proton) collider, measuring particle momenta and
energies becomes complex due to the fact that protons are themselves not fun-
damental particles. It is the constituent partons that will interact upon collision
rather than the proton system as a whole. The energy and momentum of individ-
ual partons cannot be known, since the momentum is not shared equally between
constituents but follows a more complex parton distribution function. With this in
mind, particle energies and momenta measured at ATLAS are quoted normally in
the transverse plane. Transverse momentum is defined as:

pT =
√
p2
x + p2

y, (2.2)

where px and py are the x and y components of the momentum and the total pT
in an event sums to ∼zero, with a slight offset due to the fact that the beams cross
at an angle. Similarly for transverse energy:

ET =
√
E2
x + E2

y . (2.3)

An additional quantity to note here is the rapidity of a particle, which describes
its angle relative to the beam pipe and is formally defined in terms of a particle’s
energy and momentum:

y =
1

2
ln

[
E + pz
E − pz

]
(2.4)

An attractive feature of this quantity is that differences in particle rapidity are
invariant under Lorentz transformations along the z-axis, which is useful since the
pz of a particle is normally unknown. In the relativistic limit where the approxima-
tion β ∼ 1 holds, pseudorapidity, η, is used as an approximation to true rapidity.
Pseudorapidity is useful as it is a function of θ rather than the usually unknown E
and pz parameters, and is defined as:

η = − ln

[
tan

θ

2

]
(2.5)

Since η has the same value for all objects at a given θ independent of mass, it is
used in place of y to denote not only particle and physics object positions, but also
to describe the position of components of the detector itself. The ATLAS detector
covers the range |η| < 4.9. Particles close to the beam pipe have high η and are
described as being “forward,” whereas particles which stray further from the beam
pipe have small η and are “central.”

The ATLAS detector is comprised of multiple sub-detector systems, with each
of these constituent parts playing an important role in particle identification and
measurement. Beginning closest to the beam pipe, the inner detectors provide high
precision vertexing and momentum measurements, while the calorimetry systems
measure energy deposits left by traversing hadrons and electromagnetic particles.
The muon system resides further out still and will identify muons, which penetrate
the entire ATLAS detector. A quantity that is measured indirectly at ATLAS is
the missing transverse momentum (EmissT ) associated with an event. Since the en-
ergy of colliding partons in the transverse plane prior to collision sums to zero, the
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EmissT in an event denotes the momentum imbalance observed after the interaction.
The derivation of this quantity requires input from multiple detector systems, and
so this too is discussed in the following sections. In addition to these, a sophisti-
cated trigger and data acquisition (TDAQ) framework is required in order to filter
through the enormous volume of interactions and identify the interesting events to
be recorded.

2.2.1 Magnet System

The aesthetically impressive ATLAS magnet system consists of one solenoid and
three toroid magnets. Powerful magnetic fields are required at ATLAS in order to
bend the trajectories of charged particles so as to aid in charge identification and
accurate momentum measurements. The central solenoid measures 5.8 m in length
and is arranged with the beam-pipe at its centre, with an inner radius of 1.23 m.
The solenoid immerses the inner detector in an axial 2 T magnetic field, and its
thickness has been optimised so as to minimise the amount of material a particle
must penetrate between the inner detector and the calorimeters, with a thickness
of only 45 mm. In this spirit, the central solenoid and the barrel electromagnetic
calorimeter share a vacuum chamber so as to avoid the unnecessary obstruction of
an extra wall.

The total length of the barrel toroid is 25.3 m, with inner and outer radii of
4.7 m and 10.05 m. Two end-cap toroids are inserted within the barrel toroid, each
measuring 5 m in length. Each of these toroids contain eight individual coils, which
are arranged at constant radius with respect to the beam-pipe at evenly spaced in-
tervals. The toroids provide the muon system with a magnetic field of 0.5 T (1 T)
in the barrel (end-caps).

The ATLAS magnet system drives the geometry of the entire detector. The
sheer size and weight of them necessitated the construction of the rest of the de-
tector around them.

2.2.2 The Inner Detectors

With every bunch crossing at ATLAS, the number of particles emerging from the
interaction region is in excess of a thousand. This results in a high density of parti-
cle tracks, all of which must be isolated and identified by the inner detector. Such
a large number of particles penetrating the detector, and at such high frequency,
presents a challenging environment in which precision measurements of position
and momentum must be made. The ATLAS inner detector is responsible for iso-
lating individual particle tracks and making the necessary measurements, and has
been designed to handle the volume and frequency of particle bombardment ex-
perienced at ATLAS. It provides tracking information for charged particles with
pT > 0.5 GeV, with a coverage of |η| < 2.5. In principle this pT threshold could be
lowered, though considering lower pT particles the time take to process different hit
combinations to check for and identify tracks increases. In practice a compromise
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is reached between pT and processing time, with this being reoptimised each year.

The entire inner detector resides within the central solenoid, and so is immersed
in a 2 T magnetic field. The solenoidal field, pointing along the beam pipe, bends
particle tracks in inverse proportion to the particle momenta. Shown in Figure 2.5,
the inner detector is comprised of three main components: the pixel detector, the
semi-conductor tracker (SCT) and the transition radiation tracker (TRT). The
pixel detector is the innermost part of the inner detector, with the SCT and TRT
positioned at larger radii from the beam pipe, as shown in Figure 2.6. Spatial
and resolution specifications, in addition to coverage information on all the inner
detector sub-systems, can be found in Table 2.2.

Figure 2.5: The ATLAS Inner Detector.

Pixel Detector

The pixel detector, constructed around the thin beryllium beam pipe and therefore
positioned as close to the interaction region as possible, provides the most pre-
cise tracking information of the three inner detector components. It is comprised
of three layers, each consisting of rectangular pieces of silicon divided into pixels.
Each pixel has approximate dimensions 50 µm × 400 µm, providing the high granu-
larity necessary for the precise position measurements desired. These silicon layers
are cylindrical in the barrel and form disks in the end-caps. This setup dictates
that charged particles will normally pass through three layers of pixels. Charged
particles penetrating the silicon create electron-hole pairs. Due to the bias voltage
across the pixel the holes drift towards the cathode. This current is then collected
at the cathode and read out, denoting a “hit.”

The accuracy of the pixel detector in the r–φ plane is 10 µm, and the high
precision of position measurements allows the distinction between primary and
secondary vertices near the interaction point. Containing in excess of 80 million
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Figure 2.6: Schematic showing the three inner detector sub-systems and their
respective layering and distances from the beam pipe.

pixels, no sub-system comes close to matching such a high number of read–out
channels, and in fact the pixel detector alone comprises almost 90% of all the
ATLAS read–out channels. Such precision is of great importance for identifying
particles decaying promptly, with the decay vertices of b-quarks and τ -leptons being
prime examples. At the time of construction, the engineering and design of the
pixel detector, permitting such superior performance, was at the limit of current
technology. The production expense was such that the pixels are used only in the
most central region of the inner detector, with other lower-cost technologies being
used further from the interaction region. Given the harsh radiation environment
the pixels are exposed to, being so close to the interaction region, this part of the
detector has a short expected lifetime at the LHC. The innermost layer is expected
to suffer in performance after only 3 years of running at design luminosity, and
plans for a replacement have been long underway [18].

SCT

The SCT is a cheaper alternative to the pixel detector, since the high cost of the
innermost detector material prohibits its use throughout the entire ATLAS track-
ing system. Being positioned further away from the interaction point, the track
density is lower, and so the demands on fine granularity are not as high. There are
∼ 6 million read-out channels in the SCT, and it works in much the same way as
the pixel detector. Four cylindrical layers of two-sided silicon micro-strip modules
comprise the SCT in the barrel, where as in the end-caps the SCT is composed of
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nine disks. This layout dictates that a track usually passes through 8 strip layers.
A module in the SCT consists of four rectangular silicon pieces with dimensions
63.6 mm × 64.0 mm. With an intrinsic accuracy of 17 µm in the r–φ plane, the
SCT, while not sharing the elite performance of the pixel detector, still provides
excellent resolution for disentangling particle tracks.

TRT

The TRT is low-cost and lightweight, consisting of polyimide “straws” of 4 mm in
diameter containing gas (Xe, O2, CO2) and gold plated tungsten wire to act as the
anode. The straws are themselves wrapped in the same kind of tungsten wire, and
comprise the system’s cathodes. This drift tube system identifies a hit when the
gas contained therein is ionised by a penetrating particle. In the barrel region there
are in total 50, 000 of these detector straws, each running parallel to the beam axis,
and each with a length of 144 cm. In the end-caps, 160, 000 straws 37 cm in length
are arranged radially around the beam axis. In addition to its tracking capabilities,
the TRT is also able to detect and generate transition radiation. Positioned be-
tween the drift tubes is polypropylene radiator material. When relativistic particles
encounter the boundary between a gas-filled straw and the polypropylene, x-rays
will be emitted due to the change in dielectric constant of the traversed medium.
Electrons typically emit radiation at a much lower energy compared with hadrons,
and as such the TRT offers some distinction between the two.

Sub-detector Partition Coverage Spatial resolution [µm] Hits per track

Pixel Barrel |η| < 2.5 10 (r–φ), 115 (z) 3
End-caps 2.0 < |η| < 2.5 10 (r–φ), 115 (z) 3

SCT Barrel |η| < 1.5 17 (r–φ), 580 (z) 8
End-caps 1.3 < |η| < 2.5 17 (r–φ), 580 (z) 8

TRT Barrel |η| < 1.0 130 35
End-caps 0.8 < |η| < 2.0 130 35

Table 2.2: Coverage, spatial resolution and the average number of hits per track
for the inner detector sub-systems.

2.2.3 Calorimetry

The ATLAS calorimeters, shown in Figure 2.7, provide coverage over the range
|η| < 4.9. In contrast to the inner detectors the calorimeters can detect neutral and
charged particles. For the η range covered by the inner detectors, the granularity
is very fine, allowing for particle identification and precise measurements of ET .

The ATLAS calorimetry system is split into two sub-detectors, the electromag-
netic (EM) calorimeter (ECAL) and the hadronic calorimeter (HCAL). Particles
which interact primarily via the electromagnetic interaction tend to be less pene-
trating than strongly interacting particles. Furthermore, EM showers are generally
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Figure 2.7: The ATLAS Calorimeters.

shorter and narrower than those due to hadrons. The EM radiation length, χ0,
which describes the energy loss of EM particles as they traverse a material, is ∼ 10
times less that the nuclear interaction length, λ. As such, hadrons will penetrate
the ATLAS detector to a greater depth than EM particles. It follows then, that the
ECAL is the second detector sub-system particles encounter as they traverse AT-
LAS (if the Inner Detector is to represent the first), with the HCAL being the third.

The granularity of the HCAL is coarser than that of the ECAL due to its in-
creased distance from the beam pipe. A complete account of the pseudorapidity
coverage and granularity of all the ATLAS calorimeter systems can be found in
Table 2.3. Both calorimeters are so-called “sampling” calorimeters, consisting of
two types of material: one absorber to initiate showering, and one additional ma-
terial to make energy measurements. By layering these two types of material it
is ensured that a particle traversing the detector loses its energy in stages. The
energy deposited by the particle at each stage may then be measured, permitting
the calculation of the total particle energy. To measure these energy deposition, the
ATLAS calorimeters use liquid argon (LAr) and scintillating tile technologies. The
scintillating tiles are used in the central regions of the HCAL, and due to radiation
damage the signal read-out from the tiles degrades over time. This is not the case
with the LAr active medium. Since the LAr is continuously flowing and therefore
being replaced, there is no lasting effect from radiation damage. For this reason
LAr technology tends to be favoured in areas close to the interaction point and the
very forward regions.

The energy resolution of the LAr barrel [19], end-cap and forward [20] calorime-
ters was measured during beam tests at the CERN SPS. Measurements were made
using electron beams of E ≤ 245 GeV (E ≤ 200 GeV) in the case of the barrel (end-
caps and forward regions). For the hadronic end-caps pion beams of E < 200 GeV
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were used at test beam [21], whereas pions of up to 350 GeV were used when deter-
mining the energy resolution of the tile barrel of the HCAL [22]. Since the energy
resolution is dominated by an energy dependent term, though is also influenced
by noise and other instrumental effects (which tend to be energy–independent), it
is expressed as a function of the form a√

E
⊕ b, where a and b denote the energy

dependent and independent terms respectively, and the ⊕ indicates that the two
terms are added in quadrature. The measured resolutions are:

σE
E

= (10.1±0.1)% GeV1/2
√
E

⊕ (0.17± 0.04)% (EM Barrel),

σE
E

= (52.7±0.9)% GeV1/2
√
E

⊕ (5.7± 0.2)% (Hadronic Barrel),

σE
E

= (13.5±0.5)% GeV1/2
√
E

⊕ (0.7± 0.1)% (EM End-caps),

σE
E

= (84.1±0.3)% GeV1/2
√
E

⊕ (0.0± 0.0)% (Hadronic End-caps), and

σE
E

= (29.3±0.7)% GeV1/2
√
E

⊕ (3.0± 0.1)% (Forward).

The obtained relative energy resolutions are consistent with the values expected
from simulation. The Monte Carlo was found to slightly over-estimate the resolution
at low energies, gaining better agreement as the energy increases. Beam tests such
as these permit the energy response of detector systems to be measured upon the
bombardment of single particles, which is not entirely representative of the exact
conditions the calorimeters are exposed to in practice. With the LHC now in full
operation, the performance of the ATLAS calorimeters is continuously monitored
during data taking with proton and heavy ion beam collisions.

Electromagnetic Calorimeter

The central region of the ATLAS ECAL shares a vacuum chamber with the central
solenoid magnet, and measures EM showers (and in addition any hadronic showers
which may initiate before reaching the HCAL). The ECAL is comprised of a cen-
tral barrel and two end-caps, with the end-caps housed in separate cryostats. The
barrel is in two identical sections joined with a 4 mm gap at z = 0, with coverage
|η| < 1.475. The end-caps are each comprised of two rings (inner and outer), the
coverage of the outer disk being 1.375 < |η| < 2.5 and that of the inner disk being
2.5 < |η| < 3.2.

The ECAL uses a liquid argon active medium sandwiched between layers of
lead absorbers. The lead induces particle showers while the LAr becomes ionised
by particles in the shower. High voltage lines are used to put a potential difference
across the active medium, and thus the electrons induced upon ionisation drift
towards the anode. This charge is collected at the anode and read out as a current.
The ECAL has been built with an accordion geometry, shown in Figure 2.8, in the
barrel which has the benefit of offering total coverage in φ. Before particles reach
the ECAL they must first penetrate the LAr pre-sampler, which is positioned on
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the cryostat wall. This contains only one thin layer of LAr. The function of the
pre-sampler is to compensate for the energy lost by particles in the inner detector,
before having reached the calorimeter system.

Figure 2.8: Photograph of an EM LAr module from the barrel, part–way through
assembly. Here the accordion geometry utilised in the ECAL is clearly visible.

• Pre-Sampler
Single layers of LAr active medium, making up the ATLAS EM pre-sampler,
are used in the range |η| < 1.8 to correct for energy lost by electrons and
photons in the detector material upstream of the calorimeters. The barrel
pre-sampler (EMBPS) is fitted in front of the barrel of the EM calorimeter,
on its inner surface, and measures ∼ 11 mm in depth. It is divided into 64
azimuthal pre-sampler sectors in total, 32 per half barrel, with dimensions
3.1 m × 0.28 m. Each pre-sampler sector is comprised of 8 modules of dif-
ferent sizes. The size of the modules increases with |η| so as to achieve an η
coverage of 0.2 per module, with the exception of the module closest to the
end–caps, whose coverage is reduced to 0.12.

In the EM end-caps (EMEC) the pre-sampler (EMEC0A/C) consists of only
∼ 5 mm of LAr active medium and covers the range 1.5 < |η| < 1.8. Each
end-cap contains 32 PS modules.

• Barrel
The EMB has total coverage in φ and covers |η| < 1.475. The full coverage
in φ is achieved with the accordion geometry of the barrel calorimeter (this
accordion layout is also used in the EM end-caps). It is constructed of two
half-barrels, the EMBA (the A-side barrel) and EMBC (the C-side barrel),
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each measuring 3.2 m in length. Each half-barrel contains 1024 accordion
shaped lead absorbers designed to induce electromagnetic showers. The read-
out electrodes are positioned within the gaps, with the absorber-electrode
spacing measuring 2.1 mm throughout the accordion layers. In this way, the
waves of the accordion shape in the barrel extend outwards from the beam
pipe, with the angle between waves increasing such that the 2.1 mm gap re-
mains constant.

The electrodes themselves are copper etched onto polyimide, a substance
known for being strong, flexible, lightweight, thermally stable and resistant
to chemicals. The high-voltage (HV) is distributed over the outer surface of
the electrodes on the front and back of the polyimide structure. There is, in
addition, a separate conductive layer between the two outer surfaces which
collects any signal reaching the electrodes via capacitive coupling. On ap-
plying a voltage of 2 kV (nominal operating voltage) between the electrodes
any charge induced upon ionisation of the LAr active medium drifts towards
the electrodes. At this 2.1 mm separation, the drift time for these charges is
450 ns.

Each half–barrel is divided into 16 modules, and each EMB module has
three layers. The front layer, sampling 1 (EMB1A/C), has the finest gran-
ularity (η × φ = 0.003 × 0.1) due to its proximity to the interaction re-
gion. The middle layer, sampling 2 (EMB2A/C), has coarser granularity
(η× φ = 0.025× 0.0245) and covers the greatest distance in r. It is here that
much of the energy deposits are gathered from EM showers. The back layer,
sampling 3 (EMB3A/C), has the coarsest granularity (η×φ = 0.05× 0.0245)
and is furthest away from the interaction region. A diagram of an example
barrel module is shown in Figure 2.9. Here the different layers can be seen,
with the η–φ dimensions of the cells in each clearly displayed. Also shown is
the granularity of a trigger tower. In total the EMB contains 3424 read-out
cells (including the PS) per module.

• End-caps
The EMEC covers the range 1.375 < |η| < 3.2 and consists of two iden-
tical wheels, one on each side of the EMB. Each wheel itself consists of
two coaxial wheels, an inner wheel (2.5 < |η| < 3.2) and an outer wheel
(1.375 < |η| < 2.5). As is the case in the barrel, each end-cap is split into
three layers (or “samplings”) in the region 1.5 < |η| < 2.5, but only two in
the region 2.5 < |η| < 3.2. The front layer (EMEC1A/C) is the strip layer,
so–called as the read–out structure has fine granularity in ∆η of 0.003 with
comparably larger granularity in ∆φ of 0.1. The middle layer (EMEC2A/C)
is coarser with a granularity of 0.025 × 0.0245 in η–φ, and the back layer
(EMEC3A/C) being coarser still. Both the inner and outer wheels of the
EMEC are split into eight segments. The accordion geometry once again
guarantees complete coverage in φ, with the size of the drift gap varying be-
tween 0.9–3.1 mm.
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Figure 2.9: An example EM barrel module, showing the difference in cell dimen-
sions in layers 1, 2 and 3, along with the trigger tower granularity.

The resolution of the ATLAS ECAL partition samplings for various particle
energies was studied and measured upon exposure to electron, photon and pion
beams. The η resolution of the front and middle layers of the EMB and EMEC for
different beam energies were fit with a function of the form c1 ⊕ c2√

E
⊕ c3

E , with the

results found to be as follows [23]:

σ(E) = (0.40± 0.88)× 10−4 ⊕ (1.91±0.22)×10−3 GeV1/2
√
E

⊕ (1.03±0.13)×10−2 GeV
E

(EMB1)

σ(E) = (1.20± 0.50)× 10−4 ⊕ (5.05±0.20)×10−3 GeV1/2
√
E

⊕ (0.65±1.14)×10−2 GeV
E

(EMB2)

σ(E) = (0.43± 0.16)× 10−4 ⊕ (0.17±0.03)×10−2 GeV1/2
√
E

⊕ (0.17±0.23)×10−4 GeV
E

(EMEC1)

σ(E) = (0.19± 0.03)× 10−3 ⊕ (0.27±0.03)×10−2 GeV1/2
√
E

⊕ (1.15±0.10)×10−2 GeV
E

(EMEC2)

Hadronic Calorimeter

The hadronic calorimeter covers the range |η| < 4.9. With such a large η cov-
erage, the radiation environment and typical particle trajectories confronting the
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calorimeter varies widely. As such the HCAL uses different materials and tech-
nologies depending on the varying demands over the full range in η. In the barrel
the tile calorimeter (TileCal) uses steel absorbers paired with scintillating tiles to
detect hadronic showers. In the end-caps and forward regions LAr technology is
used to cope with the increasingly harsh radiation environment.

An important requirement for the HCAL, in addition to the obvious demands on
hadronic energy measurements and resolution, is the ability to sufficiently contain
hadronic showers. It’s thickness must, therefore, be adequate to reduce as much as
possible any “punch-through” from the HCAL to the muon system. In the most
central region, the HCAL is 11 interaction lengths (λ) thick, which has been shown
in both simulation and test measurements [24] to suppress punch-through from
high–momentum hadronic particle jets into the muon system. Such containment
coupled with the large η coverage also ensures the ability to provide a good mea-
surement of the missing momentum (EmissT ) in an event. This feature is especially
important in SUSY searches, where “invisible” LSPs traverse the entire ATLAS
detector without interacting with the detector material.

• Tile Calorimeter
Covering the central region, the tile calorimeter is placed outside of the EMB
and the central solenoid magnet, and extends in radius from ∼ 2.28 m to
∼ 4.25 m. The tile system consists of a main barrel (of length 5.8 m) cover-
ing the range |η| < 1.0 and two extended barrels covering 0.8 < |η| < 1.7 (of
length 2.6 m). Each of these sections consist of 64 modules, split in φ, and have
three layers at different radii similarly to the ECAL. Since the tile calorimeter
is also a sampling calorimeter, alternating layers of absorber (steel) and ac-
tive medium (scintillator tiles) are the basis of construction. Scintillator tiles,
approximately 3 mm in thickness, are arranged radially along the beam pipe
with the tile face along the z-axis, with steel absorbers sandwiched between
the tiles in this orientation. The granularity of the tile barrel is approximately
∆η ×∆φ =0.1 × 0.1, with ∆η increasing to 0.2 in the back layer. The scin-
tillation light induced in a tile upon the passage of radiation is read-out on
each side of the tile through optical fibres, and transmitted to two separate
photo-multiplier tubes (PMTs), one for each side of the read-out.

• Hadronic End-caps
The hadronic end-caps (HEC) cover the region 1.5 < |η| < 3.2 and re-
side in the end-cap cryostats along with the EMEC and forward calorime-
ters (FCAL). This means that the HEC overlaps slightly with the forward
calorimeter as well as with the EMEC, with an aim to minimise the detector
material in the transition region between calorimeter partitions. The HEC
is constructed in two wheels per end-cap, with each wheel consisting of two
layers, resulting in four layers per end-cap in total. Each HEC wheel is split
into 32 modules segmented in φ, with layers of copper absorber and LAr ac-
tive material orientated normal to the beam line. In the front wheel there are
24 copper absorbers per module, each 25 mm thick, and held at a plate-plate
spacing of 8.5 mm. In the rear wheel there are fewer plates, 16 in total, each
being 50 mm thick. One extra copper plate is placed at the very front of each
of the front and rear wheels, measuring 12.5 mm and 25 mm in thickness
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respectively. Within the 8.5 mm gap, three electrodes divide the LAr active
medium into four layers of 1.8 mm. The central of these three electrodes acts
as the read-out, with the two either side carrying HV. This layout, shown in
Figure 2.10, results in an electrostatic transformer (EST). This means that
the two 1.8 mm LAr layers behave like a single 3.6 mm gap, but the operating
voltage can be lower. In addition the ion density at the LAr-electrode bound-
aries, and the ion drift time, can be kept lower than for the case of a single
large gap. The nominal HV for the HEC is ∼ 1800 V and at this voltage the
drift time for ions in the LAr gaps is approximately 430 ns.

Figure 2.10: Schematic showing the layout of the HEC read–out structure in the
8.5 mm LAr gaps. All dimensions quoted are given in mm.

• Forward Calorimeters
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Figure 2.11: Schematic of the electrode structure in an FCAL1 module.

The LAr FCAL consists of two independent sections, one in each end-cap cryo-
stat, placed upstream in |η| from the HEC. An overview of the arrangement
of the partitions occupying the end–caps is given in Figure 2.12. Overlapping
slightly with the HEC, the FCAL covers an η range of 3.1 < |η| < 4.9. At
these high η values the FCAL is exposed to a high flux of particles, and the
structure of the FCAL has been optimised accordingly. The three FCAL lay-
ers are each 45 cm in depth, the first module (FCAL1) being dedicated to EM
particle reconstruction (so in fact this comprises part of the ECAL system),
with the outer two layers (FCAL2/3) being the hadronic modules. The FCAL
uses LAr active medium, with absorbers of copper in FCAL1 and tungsten in
FCAL2 and FCAL3. The layout of the absorber-sampling layers is somewhat
different from the geometry used elsewhere in the calorimeter system, and is
shown in some detail in Figure 2.11. For FCAL1, the copper absober plates
are packed together normal to the beam line, with a total of 12, 260 holes
drilled at regularly spaced intervals parallel to the z-axis. Within these holes,
central copper electrodes provide the read-out for each channel, with these
central rods being maintained at a positive high voltage. The outer copper
tubes, which contain the electrodes at their centre, are kept at ground and
the LAr gaps between these structures are maintained at ∼ 250 µm by fibrous
spacers, as shown in Figure 2.11. Such small gap sizes are required to cope
with such a high density of particle interactions, and avoid ion build up in
the LAr. For FCAL layers 2 and 3, two copper end-plates of 2.35 cm are
placed either end of the modules, which contain a tungsten matrix with the
same tube-electrode structure. The main difference here is that the use of
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tungsten for the tubes and read-out rods, with a LAr gap of 375 µm. This
layout provides a high density detector medium to contain energetic particles
at high η, and short drift times to avoid charge build up.
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Figure 2.12: Diagram showing the arrangement of the EMEC, HEC and FCAL
modules located in the end–cap cryostats.

LAr Electronics and Read-out

Most of the calorimeter includes LAr as the active medium, and as such the LAr
calorimeter system accounts for the majority of the ATLAS calorimeter complex.
Signal collected at the electrodes for each cell is read-out from each channel at a
rate of up to 40 MHz annd temporarily stored in a switched capacitor array pending
a trigger decision. The energy is summed in trigger towers of 0.1×0.1 in η–φ before
being used as input to the Level 1 trigger. A schematic of the LAr read–out elec-
tronics is shown in Figure 2.13. The signal read-out goes through several stages,
beginning with the electronics within the cryostats. In the EMB (outer EMEC
wheel) the read-out electrodes are connected to summing boards, which sum the
signal over 16 (12) electrodes. This corresponds to ∆φ = 0.1 for layer 1, while layers
2 and 3 in the EMB have summing boards for groups of four adjacent calorimeter
cells, each corresponding to a region of ∆φ = 0.025. In the inner wheel of the
EMEC one summing board serves eight electrodes, with four adjacent electrodes
comprising a single read-out cell, resulting in a cell read-out coverage of ∆φ = 0.1.

The output from the summing boards is fed to mother boards, still within the
cryostat, where the signal is sent to the read-out cables. These read-out cables
leave the cryostat through cold-to-warm feedthoughs, which take the output from
the cryostats between the barrel and extended barrel TileCal (EMB) or around the
back of the end-caps (EMEC, HEC, FCAL) to the front-end crates (FECs). The
58 FECs are located in boxes attached to their respective feedthroughs in the gaps
between the barrel and extended barrel or behind the end-caps and form part of
the “on-detector” electronics. The FECs contain the calibration boards, which are
used to calibrate the calorimeter energy response. This is done by injecting a cur-
rent pulse at a precisely known value to simulate the effect of a real energy deposit
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Table 2.3: Pseudorapidity coverage and granularity for each partition layer of the
ATLAS calorimeter system.

Partition Layer Coverage Granularity (∆η ×∆φ)

EMB PS |η| < 1.52 0.025× 0.1
1 |η| < 1.475 0.003× 0.1
2 |η| < 1.475 0.025× 0.025
3 |η| < 1.475 0.05× 0.025

EMEC 0 1.5 < |η| < 1.8 0.025× 0.1
1 1.375 < |η| < 1.5 0.025× 0.1

1.5 < |η| < 1.8 0.003× 0.1
1.8 < |η| < 2.0 0.004× 0.1
2.0 < |η| < 2.5 0.006× 0.1
2.5 < |η| < 3.2 0.1× 0.1

2 1.375 < |η| < 2.5 0.025× 0.025
2.5 < |η| < 3.2 0.1× 0.1

3 1.5 < |η| < 2.5 0.05× 0.025

Tile Barrel 1 |η| < 1.0 0.1× 0.1
2 |η| < 1.0 0.1× 0.1
3 |η| < 1.0 0.2× 0.1

Tile Extended Barrel 1 0.8 < |η| < 1.7 0.1× 0.1
2 0.8 < |η| < 1.7 0.1× 0.1
3 0.8 < |η| < 1.7 0.2× 0.1

HEC 0/1/2/3 1.5 < |η| < 2.5 0.1× 0.1
2.5 < |η| < 3.2 0.2× 0.2

FCAL 1/2/3 3.1 < |η| < 4.9 0.2× 0.2
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in the calorimeter cells. The results of these calibrations are vital in maintaining
up-to-date values for energy reconstruction.

Also on the FECs, the front-end boards (FEBs) amplify the signal via a pream-
plifier, before feeding it through shapers which take samples at 25 ns intervals.
Each FEB serves up to 128 calorimeter cells. The energy read-out from a single
cell can range from 10 MeV - 3 TeV, and in order to ensure coverage of this full dy-
namic range the cell signal is read-out over three ranges. For each input signal the
shapers produce three outputs with the relative gains of approximately 1/10/100
(low/medium/high gain). These signals are then aligned according to pulse time,
and summed to form the trigger tower signals, on the tower builder boards (TBBs).
This is the final preparation stage before feeding the trigger tower information to
the level 1 trigger interface. In parallel with this step, following the shaping, the
analogue signals are stored in memory on the FEB. If the level 1 trigger decision
is to store this information, the memorised signals on the FEBs are sampled at 5
intervals (32 for calibrations) and digitised using 12 bit analogue-to-digital convert-
ers (ADCs) before being sent to the “off-detector,” or “back-end,” electronics.

Each FEC is connected to a read-out driver crate (ROC), which houses the
read-out drivers (RODs). The RODs receive the raw signal from the FEBs and
convert the signal into the relevant time and energy measurements, in addition
to determining the quality of the signal itself. An optimal filtering (OF) method
calculates the energy deposition from each cell while minimising the contribution
from electronic pile-up noise. This is done using optimal filtering weights evaluated
upon this minimisation, in conjunction with known calibration constants.

The signal energy is determined using the 5 (32) samples taken for physics
(calibration) runs. The time of the signal pulse relative to the first sample, τ , can
also be determined, but with an associated uncertainty inversely proportional to
energy, this quantity is only calculated for cells with energy values above a certain
threshold to keep the errors within a reasonable range. In general this threshold will
reject up to 90% of cells, leaving no more than 10% for which the full calculations
are made.

Ecell =

N∑
i=1

ai(si − ped) (2.6)

Ecellτ =

N∑
i=1

bi(si − ped) (2.7)

Here N is the number of samples, s is the amplitude of the sample in ADC counts
and, ped is the pedestal value for the cell in question. The pedestal is the constant
residual background in the read-out cells and is measured during pedestal calibra-
tion runs and subtracted from each read-out sample, si, before energy calculation.
The electronic noise in a cell is given by the R.M.S. of the pedestal. The ai and bi
are the optimal filtering weights. These coefficients are taken from calibration runs
carried out between LHC fills and are updated approximately once a week.
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Figure 2.13: Schematic of the read–out electronics for the Liquid Argon Calorime-
ter. The cold on–detector electronics are shown at the bottom of the diagram,
with the front–end crate just above. The read–out crate is shown in the top left
of the figure. The tower builder electronics can also be seen at the top, and their
associations with the L1 trigger system.

The quality of the read-out is quantified by comparing the shape of the read-out
signal with the predicted shape of the pulse. The predicted pulse shape is estimated
using calibration pulses in addition to the various parameters associated with the
read-out electronics. The so-called quality factor (q-factor) describes the extent to
which the measured pulse deviates from the predicted shape.
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Q =

N∑
i=1

(si − ped− Ecell(gi − τg′i))2 (2.8)

In the above equation the gi term represents the normalised predicted pulse shape.
Following these calculations the information is sent to the ATLAS data acquisition
system (DAQ). The cell energy calculated by equation 2.6 is the energy deposited
in the active medium of the respective cell. In order to extrapolate this to the
original particle energy, the fraction of the detector in which the signal was actually
measured must be taken into account. This so-called “sampling fraction” varies over
the η range due to the changing structure of the detector. Once the energy, Ecell is
scaled according to the relevant sampling fraction, and the digital pulse has been
converted from ADC counts back to an analogue signal, the energy output is at
the “EM scale.” This is the energy scale appropriate for measuring electrons and
photons. For hadrons the calibration is more complex due to the non-compensating
nature of the ATLAS calorimeters. The average fractional energy deposited by an
electron or photon in the active calorimeter layers tends to be greater than the
portion of energy deposited by a hadron. The energy of hadrons at ATLAS must
therefore be corrected to account for this feature, and the way in which this step is
performed is described in Section 4.1.3.

2.2.4 Muon System

The muon spectrometer, shown in Figure 2.14, is the largest of the ATLAS sub-
detectors. It is built both in and around the toroid magnets which surround the
calorimeters. Muons are highly penetrating and are the only particles (with the
obvious exception of “invisible,” weakly interacting particles) that reach the muon
system.

The muon system was designed with the knowledge that it would be exposed to
challenging background conditions. Collision products undergoing secondary inter-
actions in the detector, shielding or surrounding machine result in a large amount
of particles, mainly photons and neutrons with energy of order ∼ 1 MeV, pene-
trating the muon system. With this in mind, the muons spectrometer meets the
requirements of radiation hardness, adequate granularity for tracking and the abil-
ity to cope with high rates of particle flux. Cosmic ray event data was used to
measure the muon reconstruction efficiency and the momentum resolution of the
muon spectrometer [25]. For muons with transverse momenta up to 400 GeV, the
pT resolution was measured to be:

σpT
pT

=
0.29 GeV

pT
⊕ 0.043⊕ 4.1× 10−4 GeV−1 × pT .

The toroid magnets provide the end-cap regions with a magnetic field of 1 T and
the central regions with 0.5 T. The muon system also includes a separate trigger
designed to identify high energy muon events, which are interesting for new physics
searches. The trigger covers |η| < 2.4, with the full range of the muon system
being |η| < 2.7. In the barrel the muon system forms three concentric cylinders
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Figure 2.14: The ATLAS Muon System.

surrounding the calorimeters at radii of 5 m, 7.5 m and 10 m. Wheels are placed
at distances of approximately 7.4 m, 10.8 m, 14 m and 21.5 m from the interaction
point, constituting the muon system in the end-caps. Four different technologies
are incorporated into the muon system to fulfil the triggering and precision physics
requirements. The “monitored drift tubes” (MDTs) and “cathode strip chambers”
(CSCs) provide precision energy measurements and tracking, whereas the “resistive
plate chambers” (RPCs) and “thin gap chambers” (TGCs) constitute the trigger
chambers. A particular challenge for the muon trigger system is the ability to main-
tain a stable pT resolution for the full |η| < 2.4. The extent of this challenge stems
from the fact that the momentum, p, of a muon of a given pT increases with η.
This places increased granularity requirements on the more forward regions in order
to match the resolution in the barrel, and as such different technologies are used
in the barrel and end-cap region of the muon system so as to meet the custom needs.

MDTs

The MDTs are aluminium tubes, of diameter ∼ 30 mm, filled with gas (Ar, CO2)
with tungsten wires immersed within. Penetrating muons will ionise the gas, with
the resulting electrons collecting on the tungsten. These are used in both the barrel
and the end-caps to provide precision position and momentum measurements for
the full |η| < 2.7 range of the muon system. The size and spacing of the MDT
chambers increases with distance, r, from the beam pipe. A typical MDT chamber
consists of two “multi-layers” of drift tubes, which are separated by spacer bars
made of aluminium. In the inner barrel layer each of these multi-layers contains
four layers of tubes, with only three comprising the layers in the middle and outer
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portions of the muon system. With this configuration, a muon traversing the MDTs
will on average pass through 20 individual tubes.

CSCs

The safe operational counting rate per unit area for the MDTs is exceeded in
the forward regions of the muon system. Cathode strip chambers, with a quicker
response time and double the resolution, are used in this region. The CSCs cover the
range 2.0 > |η| > 2.7 and are used in the innermost part of the muon system in the
end-caps. They are multi-wire proportional chambers containing multiple closely
spaced anode wires surrounded by gas (Ar, CO2, CF4), with cathode strips running
perpendicular to the wires. This orthogonal layout allows the charge distribution
to be measured in both directions normal to the beam axis. The CSC system itself
is segmented in φ, resulting in eight chambers in each of the two disks. With four
CSC layers in each chamber, the average number of measurements per track is
considerably less than in the MDTs.

RPCs

The RPCs make up the barrel part (|η| < 1.05) of the dedicated trigger system.
Two resistive plates are separated by 2 mm of gas (C2H2F4, Iso-C4H10, SF6), which
may be ionised by a muon passing through, causing a cascade of electrons at the
anode. These chambers are made simpler in construction due to the absence of any
wires within, and this feature also makes them less sensitive to any small deviations
in positioning (eg. wire sag). There are three cylindrical trigger layers in the barrel,
and each layer contains two RPCs. As such, a muon in the barrel will deliver six
hits in the RPCs. The RPCs are able to provide adequate triggering for the barrel
region.

TGCs

In addition to the increased demands on granularity, the forward region suffers from
radiation levels up to 10 times those in central regions. This further complicates the
already challenging environment in the end-caps. The TGCs are used to trigger on
muon tracks in the end-caps (1.05 < |η| < 2.4). They are multi-wire proportional
chambers working similarly to the CSCs, but in this case in order to satisfy the
higher granularity requirements the gap between the wire and cathode is smaller
than the wire-wire spacing. They exist in two concentric rings, one inner ring
containing two TGC layers and one outer ring containing seven. These layers are
segmented radially, are tailored to provide excellent time resolution and are able
to cope with high particle flux rates. Both the TGCs and RPCs are designed to
deliver signals over a time spread of less than 25 ns. This way the bunch crossing
responsible for the muon triggering the chamber can be identified with an efficiency
of > 99%.

2.2.5 Luminosity Measurement

Luminosity is monitored in ATLAS with two separate systems. The first of these
in the so-called “beam conditions monitor” (BCM), which is attached to the pixel
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detector. Four diamond sensors are positioned in around the beam pipe in a cross
pattern on each side of the iteraction point. This makes two horizontal and two
vertical BCM detector pairs, denoted BCMH and BCMV. BCMH and BCMV are
read-out separately, and so provide two independent luminosity measurements. The
BCM has a fast response time and time resolution, with a typical pulse length of
3 ns. As a result the BCM is capable of delivering bunch-by-bunch luminosity
measurements, and is also able to distinguish between particles arriving along the
beam line and those originating from the collision point. In fact the primary task
of the BCM is to monitor the beam background levels and take action in the event
of beam incidents. If the beam becomes unstable beam loss could result in a dan-
gerous influx of particles being directed towards the ATLAS detector. In the case
of such an incident the BCM would issue a beam dump request, with the beam
subsequently being expelled from the LHC ring. The BCM is the only detector
sub-system capable of automatically triggering beam dump.

The other detector at ATLAS responsible for luminosity monitoring is LUCID
(LUminosity measurement using Cherenkov Integrating Detector). This Cherenkov
detector covers the range 5.6 < |η| < 6.0 and consists of sixteen aluminium tubes
filled with C4F10 gas on each side of the detector. As a charged particle traveses
the gas filled medium the emitted Cherenkov radiaton is collected and travels to
a PMT at the base of the tube. The collected radiation is used to calculate the
luminosity.

2.2.6 Trigger and Data Acquisition

With collisions occurring at ATLAS at a maximum rate of 40 MHz, a great deal of
information is being read-out from the detector. Even when not operating at de-
sign luminosity, ATLAS would need to read-out and record terabytes of data every
second if events were not required to pass some prerequisites. It is impossible to
store all the information of every single event, but with a bunch-crossing every 25
or even 50 ns, a sophisticated system is required to make the time-critical decision
on whether or not to record an event. This is where the ATLAS trigger comes in.
The trigger and data acquisition system (TDAQ) is responsible for deciding which
events are interesting enough to keep, based on predetermined selection criteria.

The trigger chain has three main levels. The level 1 (L1) trigger uses input from
a sub-set of the detector systems to isolate events worthy of further investigation.
At this early stage the trigger will search for events containing high pT muons, elec-
trons and photons, as well as jets and tau leptons which decay hadronically. In the
case of early muon identification the RPCs and TGCs are the only components of
the muon system to contribute to the trigger decision at L1. Electrons and photons
in the ECAL are identified using reduced granularity information in addition to
isolation information, with this also being the case for jets and taus in the HCAL.
A trigger decision based on the missing transverse (EmissT ) and total (uncalibrated)
energy in an event is also possible at L1, with the calculation being made upon
summing over the calorimeter trigger towers. ATLAS also makes trigger decisions



38 Chapter 2. The ATLAS Experiment and the LHC

according to the pT sum of all jets in the event, a quantity called HT .

At design operation, bunch–crossings occur every 25 ns at ATLAS. It is vital
that the L1 trigger is able to identify each bunch–crossing of interest, and with such
high bunch-crossing rates this is not trivial. The task is made more challenging by
the fact that the pulse shapes in the calorimeters are well over 25 ns in duration,
and can extend over several bunch-crossings. Additionally, the time-of-flight be-
tween an interesting collision and produced muons triggering the RPCs/TGCs can
also be comparable to or in excess of this interval. Finally, the maximum rate at
which the front-end electronics can process information from the triggers is 75 kHz.
The L1 trigger has therefore been designed to reach a decision on each event within
2.5 ns, with the verdicts being delivered to the FEBs at a rate within this constraint.

If an event is selected at L1 all of the detector information from the bunch-
crossing in question is read-out from the front-end electronics and stored on the
ROBs. It is here where the so-called “event building” takes place. All of the frag-
mented information stored on separate FECs on the detector are now gathered to
build a picture of the events. At this stage this information is scrutinised by the
next step in the ATLAS trigger system, the level 2 (L2) trigger. The L2 trigger
uses regions of interest (RoI) passed on from L1. These are the regions where L1
identified high-pT objects, driving the decision for front-end read-out. The L2 trig-
ger scans over the regions in question and accesses all the event information from
the relevant ROBs in order to make its decision. In this way only a small fraction
of information need be transferred from the ROBs to L2 for this stage of the TDAQ
process, preventing unnecessary mass information transfer. This is to ensure that
decisions can be made quickly, since information is being collected at such a high
rate.

The output rate of L2 compared with L1 is much lower, with the typical rate
being ∼ 1 kHz. Whereas the L1 rates were constrained by the limitations of the on-
detector electronics, the 1 kHz rate is not a limit set in stone and is constantly being
studied, optimised, and altered depending on physics needs. The rate is reduced
by applying “pre-scales” to the data. This means that only a certain percentage
of events passing the given trigger selection will actually pass at L2. A pre-scale
value of 0.1, for example, implies that only 10% of events passing the given trigger
requirement will in fact be passed from L2. One result of this is that physics anal-
yses tend to choose to use un-pre-scaled triggers, or at least triggers which are not
subject to extreme pre-scales, since the pre-scale needs to be taken into account
upon analysis. At L2 the pT thresholds on objects are generally tighter, and the
full granularity of the calorimeters are now available to use. In addition, the ID
information is made available permitting calorimeter deposit-track matching.

The final level of the trigger is called the event filter (EF). Here, the final se-
lection is made before physics events are written to disk, where they await further
scrutiny in offline data quality and integrity checks. The EF will first re-check ev-
erything that was concluded at L2 using more sophisticated algorithms, along with
up-to-date calibration and detector information. This corresponds to a more thor-
ough determination of important quantities, given the increased time the EF has to
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process events compared with L2. By the time data has been dealt with by the EF
the output rate should have reached O(100) Hz, corresponding to approximately
O(100) MB/s being written to disk. The output rate is limited by the capacity of
the on–site data–processing centre, known as Tier 0. Here the reconstruction takes
place and there is a finite rate at which the data can be processed. In fact in 2012
there have been some so–called “delayed” trigger streams introduced. For these
streams the output from the EF is written to disk and stored, rather than being
sent directly to be processed at Tier 0. This data will be kept on disk until the
LHC machine technical shutdown, scheduled to begin in March 2013. Once data–
taking stops, the data–processing infrastructure at Tier 0 will be free to process the
data collected in the delayed trigger streams. In this way ATLAS will continue to
recover new events even during the LHC machine shutdown. These streams record
information output from the EF but the data is not sent on for reconstruction. In
this way the data recorded in these streams are not subject to the same strict limit
on output rates. The information output in these streams is to be stored until the
technical stop in 2013, and will then be processed. The trigger rates at ATLAS for
an example run at a luminosity of 3.2× 1033 cm−2s−1 are shown in Figure 2.15.

Figure 2.15: Data trigger rate at ATLAS for L1, L2 and EF at a luminosity of
3.2× 1033 cm−2s−1 during the 2011 proton–proton data taking [17].

After being output from the EF, events are categorised into various data “streams”
depending on their characteristics. For example, events firing the electron triggers
are placed in the “Egamma” stream, with events which triggered the muon system
being placed in the “Muons” stream. In addition to the physics streams there are
also calibration streams, which contain events triggering on empty bunch-crossings.
These can be used for calibration purposes and noise studies.

Further scrutiny of the data once it is written to disk is done offline at Tier 0,
which is the CERN on-site data-processing centre. Here full reconstruction algo-
rithms are run, and every procedure not conforming to the strict time constraints
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imposed on the online environment is carried out. After this step the data is ready
for distribution among off-site computer centres.



Chapter 3

Liquid Argon Noise Studies

Following Event Filter acceptance, events are required to pass rigorous data qual-
ity (DQ) checks offline, before being cleared to be used in physics analyses. These
offline DQ checks are numerous, and with LAr being a large detector sub-system,
many checks are associated with the performance of this particular detector sys-
tem. This section focuses on studies related to noise bursts and sporadically noisy
cells in the LAr detector. Noise bursts occur when a sudden electronic effect causes
many calorimeter cells to fire at once, resulting in large energy readings from the
affected region. Additional “fake” energy deposits can be seeded by cells that suffer
from sporadic noise. These tend to be more isolated than noise bursts in that they
involve individual cells rather than larger regions of the calorimeter. In both cases,
such events are not from physics processes, and so they must be vetoed from physics
analyses. This chapter explains the various methods used to identify and flag noise
bursts and sporadically noisy channels and includes details on several studies made
into the nature of sporadic cell noise, particularly with regards to the EMPS.

3.1 Trigger Streams for Noise Studies

In order to facilitate the study of cell noise the detector behaviour in the absence
of physics data must be monitored. To do this, trigger streams with very low-
threshold cuts are maintained, in order to ensure that even low-level noise is picked
up. In addition to this, trigger streams can be designed such that events are only
recorded if they occur on “empty” bunch-crossings, meaning that no collisions have
taken place and there are no crossing protons. In this way, information on the noise
evolution of individual cells and partitions can be monitored while simultaneously
taking physics data.

One such trigger stream is the so-called “CosmicCalo” stream. This stream is
subject to the lowest threshold empty triggers - “empty” meaning they are triggered
on empty bunch crossings - (a full list of these L1 triggers is given in Table 3.1),
and as such has a very high event pass rate. In order to manage such high accep-
tance the CosmicCalo stream is heavily pre-scaled. This limits the content of the
CosmicCalo stream, with many events being discarded, resulting in potential LAr
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noise being overlooked.

As an alternative to CosmicCalo, the LArCellsEmpty stream was introduced.
This stream also uses the low-threshold empty triggers at L1, but is not subject to
the same pre-scales as CosmicCalo at L2. This is made possible via partial-event
building, which is employed in this stream. Only the region of interest surrounding
the trigger tower (typically a region of ∆η×∆φ = 0.2× 0.2) in question is written
out, permitting the storage of more events in total compared with CosmicCalo.
Table 3.2 shows the number of events recorded in the LArCellsEmpty, CosmicCalo
and some other physics streams used for analysis, for an example proton run from
mid-2011. The total number of events recorded in the CosmicCalo stream is 30%
of the LArCellsEmpty event count. Table 3.2 also shows that 21% of the events
recorded in LArCellsEmpty also appear in the CosmicCalo, and in fact for run
183003 this corresponds to 73% of the content of the CosmicCalo stream being
duplicated in LArCellsEmpty. With such a large proportion of CosmicCalo events
being recorded by both these streams compared with the far smaller fraction of the
LArCellsEmpty event population being captured in CosmicCalo, the motivation for
using LArCellsEmpty to ensure higher statistics is clear.

L1 Trigger Chain Pre-Scale Conditions

L1 EM3 EMPTY ∼ 102 E > 3 GeV in the ECAL
L1 EM5 EMPTY ∼ 102 E > 5 GeV in the ECAL
L1 TAU8 EMPTY ∼ 10 Tau candidate E > 8 GeV
L1 J10 EMPTY ∼ 102 – 103 Central jets (|η| > 3.2) E > 10 GeV
L1 FJ10 EMPTY ∼ 1 Forward jets (|η| > 3.2) E > 10 GeV
L1 J30 EMPTY ∼ 102 – 103 Central jets (|η| > 3.2) E > 30 GeV

Table 3.1: List of L1 triggers feeding the CosmicCalo and LArCellsEmpty streams
along with typical associated trigger pre-scale values. All listed items trigger on
empty bunch-crossings (no collisions). The energy values listed here are uncali-
brated, and therefore do not correspond to “real” jet energies, for example.
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Stream Events Recorded Overlap (% events)

LArCellsEmpty 741,692 100
CosmicMuons 93,987 0.00054
JetTauEtmiss 6,111,758 0.05
Egamma 4,597,927 0.00013
Muons 4,133,179 0.0036
CosmicCalo 218,028 21
IDCosmic 3,441 0.00054

Table 3.2: Percentage of events in LArCellsEmpty also recorded in other physics
streams along with the total number of events recorded in each stream. Values are
taken from a single proton physics run (Run Number 183003) which was taken over
Wednesday June 1st and Thursday June 2nd 2011, totalling 1080 LBs of which 911
were under stable beams with 897 declared “ready for physics.”

3.2 Noise Bursts

At ATLAS noise bursts often effect a whole LAr partition, with noisy channels in
large fractions of the EM barrel or end-caps. The patterns in η – φ are always
more or less the same, with possible sites of injection being situated at η ∼ 1.4
(1.5) in the EMB (EMEC). The origin of the bursts themselves is not currently
understood, but their potential impact on physics data motivates the removal of
noise burst events from physics data streams prior to physics analysis.

3.2.1 Noise Burst Identification

Dedicated algorithms are used in order to identify and flag noise bursts offline.
These are defined as follows:

• LArNoisyROAlg std – This is the “standard” LAr Noisy Read Out Algorithm.
For each FEB (∼ 128 channels) the number of channels with a bad q-factor
(q > 4000) is extracted; if the FEB contains more than 30 channels fitting
this prescription, it is declared to be noisy; if an event contains more than
five 5 noisy FEBs (strictly more than), the event is flagged as a noise burst
candidate by this algorithm.

• LArNoisyROAlg SatMedium – This is the “medium saturated” LAr Noisy
Read Out Algorithm. If an event contains more than 9 cells with |E| > 0.5
GeV and a saturated q-factor (q-factor = 65535) then the event is flagged as
a noise burst candidate by this algorithm.

• LArNoisyROAlg SatTight – This is the “tight saturated” LAr Noisy Read
Out Algorithm. If an event contains more than 20 cells with |E| > 1 GeV
and a saturated q-factor (q-factor = 65535) then the event is flagged as a noise
burst candidate by this algorithm.
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These algorithms are run in the CosmicCalo so that noise bursts are not con-
fused with events originating from collisions. By default events flagged with the
standard flag are denoted as “severe” noise bursts, given their large detector cover-
age, and must be discarded. In 2011 the LB in which the offending event occurred -
as opposed to the event itself - was flagged as a whole, and so the entire LB removed
from physics data. This corresponds to a loss of information on up to 24 billion
interactions per noise burst, a rather large amount. In fact noise bursts tend to last
somewhere between 1 µs and 1 ms. For 2012 running the development of an event
“time-window” veto resulted in the ability to remove all events occurring within a
small period surrounding a noise burst event. This time window is typically of the
order of a few ns, a vast improvement on the ∼ 60 seconds lost upon rejecting an
entire LB.

In the case of flagging noise bursts based on individual LBs the following pre-
scription was in force for the majority of 2011 data-taking:

• Yield of events flagged by LArNoisyRO Std> 0: SEVNOISEBURST

• Yield of events flagged by LArNoisyRO SatTight> 5% or LArNoisyRO SatMedium>
10%: SEVNOISEBURST

• Yield of events flagged by LArNoisyRO SatTight> 2% or LArNoisyRO SatMedium>
5%: NOISEBURST

The SEVNOISEBURST flag indicates a severe noise burst. This is classified by
LAr DQ as an intolerable defect, with LBs fitting this criteria rejected from physics
analyses. In the case of the NOISEBURST flag, which indicates a “tolerable” de-
fect, a LAr warning keyword is recorded so that in principle the event itself can be
discarded during physics analyses as the analysis groups perform their own “event
cleaning” procedure.

3.2.2 LArCellsEmpty and CosmicCalo Noise Burst
Monitoring

All methods and techniques to implement noise burst cleaning rely on the ability to
identify and flag noise bursts in data. Since the LArCellsEmpty stream will record
many more events in a typical run compared with CosmicCalo it is natural to won-
der whether LArCellsEmpty might record some noise burst events missed by the
CosmicCalo stream. Noise burst events identified upon applying the LArNoisyRO
algorithms to data recorded in the CosmicCalo stream are compared as they ap-
pear in the CosmicCalo and LArCellsEmpty streams. This can be done fairly easily
since each recorded event is allocated a unique event number. This, along with the
ATLAS run number, means that every event can be uniquely identified and filtered
out for comparison if so needed.
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In the CosmicCalo stream there are two main event variables pertaining to
noise burst specification. Firstly, the LArNoisyRO flag assigned to an event; and
secondly, the percentage of cells in the 3σ “tails” per event. The latter refers to
the percentage of calorimeter cells contributing to an event with an energy value
Ecell/noise > 3. Here “noise” is the sum in quadrature of the electronic and pile-up
noise associated with the cell in question. These values are gleaned from calibration
runs and vary from cell to cell, therefore they are being constantly updated.

In the LArCellsEmpty stream this information is not recorded, since it is a
calibration stream rather than a physics stream. Information is gathered on a
cell-by-cell basis rather than event-by-event. Events in a particular cell are only
triggered for read-out to LArCellsEmpty if the value of the maximum sample 1

(the third sample taken to measure the pulse read out from the cell in question),
less the value of the pedestal for the cell, is more than five times the pedestal RMS
value (if (s3 − ped)/pedRMS > 5 → record event for the cell in question). Since
for LArCellsEmpty only the RoI surrounding the trigger tower is written out, cells
triggered by a noise burst event may not necessarily be associated with that par-
ticular event in the LArCellsEmpty stream if the energy deposition in the cell in
question is below this threshold.

Owing to the absence of the LArNoisyRO flag in the LArCellsEmpty stream, the
yield of cells in the 3σ tails are compared for several runs listed in Table 3.3. This
comparison is complicated by the fact that an event in the 3σ tails in CosmicCalo
will not necessarily have satisfied the criteria to be stored in the LArCellsEmpy
stream. The conditions are not exactly equivalent, but it is interesting to see how
many events are matched between streams and whether or not matched events look
similar in each. Most importantly, are there noise burst candidates appearing in
the LArCellsEmpty stream that do not appear in CosmicCalo? If so, it could be
that some noise bursts in collision runs are being missed.

Run Stable Beams Ready for Total Date and Time
Number (LBs) Physics (LBs) LBs

182424 104758 112748 777 Sat May 21 2011 18:53:52 – Sun May 22, 07:26:51
182454 185416 191412 420 Sun May 22 2011 23:10:57 – Mon May 23, 05:31:58
182456 1572 5562 591 Mon May 23 2011 10:23:25 – 20:04:48
182486 148760 155756 770 Mon May 23 2011 23:47:56 – Tue May 24, 12:29:35
182518 156210 163210 210 Wed May 25 2011 05:42:57 – 09:14:17
182676 FALSE FALSE 596 Thu May 26 2011 18:13:51 – Fri May 27, 04:23:30
182726 206318 213315 323 Fri May 27 2011 19:16:22 – Sat May 28, 00:32:06
183003 169-1080 1771074 1080 Wed Jun 01 2011 23:15:48 – Thu Jun 02, 16:57:25
183347 7511340 7571330 1344 Fri Jun 10 2011 15:12:48 – Sat Jun 11, 13:29:06
183462 3961331 4021330 1336 Tue Jun 14 2011 00:55:31 – 22:42:04
183581 204676 209673 739 Fri Jun 17 2011 02:53:14 – 15:06:44

Table 3.3: List of data runs used to study the nature of noise bursts in the LAr-
CellsEmpty and CosmicCalo streams.

1Here “sample” refers to the samplings taken at 25 ns intervals to reconstruct the physics pulse
from the LAr cells.
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The top three distributions in Figure 3.1 show the percentage of cells in the 3σ
tails for events in CosmicCalo flagged with the LArNoisyRO Std Algorithm com-
pared with events written to the LArCellsEmpty stream. The two appear to be
highly correlated, with the CosmicCalo stream having a factor of ∼ 2 higher per-
centage of cells in the 3σ tails compared with the same event in LArCellsEmpty.
The shape of these distributions is similar to those shown in the bottom left and
right plots of Figure 3.1, which show the percentage of cells in the 3σ tails in Cos-
micCalo compared with the number of RoIs written out in LArCellsEmpty. There
are some cases where events in CosmicCalo show high cell yields with far fewer
cells showing up in LArCellsEmpty. This could be explained by the fact that the
LArCellsEmpty stream will not include cells in an event if the energy deposited in
those cells is very low and the cells occur outside the RoI that has been written
out. In these cases it is possible that there are many cells with relatively low en-
ergy deposits associated with a noise burst event. Such cells would be included in
CosmicCalo, but neglected in LArCellsEmpty. The same apparent correlation can
be seen in Figure 3.2, which gives the same distributions for events flagged with the
tight algorithm, though here there are more events with low noisy cell yields from
CosmicCalo having correspondingly low yields in LArCellsEmpty. This suggests a
higher event overlap between streams for events flagged with this algorithm com-
pared with the standard flag. This is confirmed by the bottom middle distributions
of Figures 3.1 and 3.2, which show the number of events matched between streams
in each run studied.

In order to visualise what a noise burst event looks like in each of these streams
it is intuitive to plot the energy distribution in the η – φ plane. Figures 3.3 and 3.4
compare the distribution of energy for single noise burst events in the CosmicCalo
and LArCellsEmpty streams for example events flagged using the standard (Fig-
ure 3.3) and tight saturated (Figure 3.4) algorithms. In general it is obvious that a
far larger area of the detector is written out in the CosmicCalo stream. Figure 3.4
in particular illustrates how the higher energy deposits show similar patterns in
both streams, with the lesser deposits being omitted from LArCellsEmpty. For
this reason the cell yields in LArCellsEmpty will always be less than those in Cos-
micCalo – unless of course an event is missed by CosmicCalo completely.

In order to check for the occurrence of noise burst events in LArCellsEmpty that
do not appear in CosmicCalo, events are selected in the LArCellsEmpty stream if
the number of cells contributing to the energy total of the event is > 1%. These
events are compared with noise burst events flagged with the standard algorithm
in the CosmicCalo stream. Run 182424 is used to search for these events. It is
found that one event is found in the LArCellsEmpty stream in a LB which has no
associated noise burst events according to CosmicCalo (Figure ??). Since a whole
LB is discarded if one such event occurs within it this could be an example of a
noise burst LB being overlooked. However, comparing the energy deposits in η –
φ (Figure 3.6) shows that this event is very low energy, and so would not classify
as a major concern for DQ. It is also worth pointing out that often if noise burst
events are not picked up by the standard flag they are instead flagged by the tight
saturated algorithm.
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Figure 3.1: Comparing the events written to the LArCellsEmpty and events flagged
with LArNoisyROAlg Std in CosmicCalo. The percentage of cells are compared in
the top three plots, with the middle plot focusing in on the region where the per-
centage of cells in each stream are below 3%. The bottom left and right plots show
the percentage of cells in the 3σ tails for LArNoisyROAlg Std in the CosmicCalo
stream compared with the number of RoIs written out in LArCellsEmpty. The
lower middle distribution compares the number of matched events in each stream,
with one data point representing a single run.

The conclusion of this exercise is that though noise burst events do appear in
the LArCellsEmpty stream, the limited coverage provided for each event means
that the CosmicCalo stream does better at providing the information required to
flag them. No convincing noise burst candidates were found in the LArCellsEmpty
stream that were not also present in CosmicCalo. The LArCellsEmpty stream,
therefore, would not be recommended as a stream in which to search for noise
burst events.
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Figure 3.2: Comparing the events written to the LArCellsEmpty and events flagged
with LArNoisyROAlg SatTight in CosmicCalo. The percentage of cells are com-
pared in the top three plots, with the middle plot focusing in on the region where
the percentage of cells in each stream are below 3%. The bottom left and right
plots show the percentage of cells in the 3σ tails for LArNoisyROAlg SatTight
in the CosmicCalo stream compared with the number of RoIs written out in LAr-
CellsEmpty. The lower middle distribution compares the number of matched events
in each stream, with one data point representing a single run.

Figure 3.3: The energy distribution of a noise burst event in η – φ as recorded by
the CosmicCalo (left) and LArCellsEmpty (right) streams. This event was flagged
by the LArNoisyRO Std Algorithm during ATLAS run 182424.

3.3 Sporadically Noisy Channels

There are several types of noise issues associated with read-out in the LAr calorime-
ter that have been identified during the running of the LHC. The majority of these
have a fairly low-level effect, with significant contributors like the noise bursts de-
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Figure 3.4: The energy distribution of a noise burst event in η – φ as recorded by
the CosmicCalo (left) and LArCellsEmpty (right) streams. This event was flagged
by the LArNoisyRO SatTight Algorithm during ATLAS run 182424.

Figure 3.5: Number of events marked with the standard flag in CosmicCalo and
marked as having a cell yield of > 1% in LArCellsEmpty per LB for run 182424.
One instance of a LB where an event is flagged in LArCellsEmpty, with no noise
bursts having been identified (with the standard flag) in the CosmicCalo stream
can be seen around LB 570.

scribed in the previous section being sought out and removed from physics streams
to ensure high quality data. Of course, all cells have some baseline noise associated
with them. The approximate electronic noise expected for cells in various parts
of the calorimeter is shown in Figure 3.7. This noise is known from calibration,
and updated accordingly every time a calibration run is taken. Other noise cate-
gories are potentially problematic if frequently occurring or permanently present.
In simple terms, such candidates include the following:

• Permanently noisy channels – These tend to be isolated cells which perma-
nently display raised baseline noise compared with its neighbours. Such chan-
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Figure 3.6: The energy distribution of a noise burst candidate event in η – φ as
recorded by the CosmicCalo (left) and LArCellsEmpty (right) streams. This event
has a cell yield of > 1% in the LArCellsEmpty stream, and was recorded during
ATLAS run 182424.

nels are generally spotted during calibration runs and flagged as having “high-
Noise,” and the prescription is to mask the offending cell. Having been flagged
as highNoise, a cell would not be included in reconstruction, being treated
in much the same way as if it were “dead.” Only a dozen or so channels are
flagged as high noise at one time, with the noise database being constantly
updated as a result of daily calibration runs.

• HEC spikes – Large energy deposits of order 1 TeV affect individual channels
in the HEC, with the noise occasionally appearing to propagate to neighbour-
ing cells. This effect has been observed both in the presence and absence of
collisions, though the rate of occurrence is seemingly decreasing with increas-
ing instantaneous luminosity. Physics events containing an instance of a HEC
spike will be removed at the analysis level with jet quality and event cleaning
cuts, as described in Sections 4.1.3 and 4.2.

• Sporadic noise – In the case of sporadic noise, large energy deposits are ob-
served in isolated LAr cells at an apparently randomly fluctuating rate. A
cell can be actively noisy over the period of a few hours to a few days and
remain silent thereafter. In some cases the noise occurs frequently enough
to increase the L1 calorimeter trigger rates. The number of channels suffer-
ing from sporadic noise is constantly changing, with the intermittent nature
of the noise complicating the diagnosis and treatment. These channels are
flagged as “sporadicBurstNoise.”

It is the last category in the above list that is the subject of investigation in this
section. With the cause of sporadic noise yet to be determined, attention towards
the understanding of the nature and behaviour of this noise is imperative to its
prevention.
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Figure 3.7: Total electronic and pileup noise seen in 2011 data for different parti-
tions of the LAr calorimeter [17]. Noise is calibrated to the electron energy scale.

Currently sporadic noise is treated offline during the 36 hour calibration loop,
during which time the data is subject to quality checks before being cleared for
processing and reconstruction. If a cell is flagged as sporadicBurstNoise it is treated
on an event-by-event basis, with the following prescription:

• q > 4000 – In this case the cell is regarded in the same way as those flagged
“highNoise,” being masked in the reconstruction.

• q < 4000 – In this case the cell is treated like any other calorimeter cell.

In order for sporadically noisy channels to be treated offline they have to be effec-
tively flagged as sporadicBurstNoise. Reliable and comprehensive flagging of noisy
channels relies on basic understanding on the noise characteristics to isolate noisy
channels. In the following sections, the LArCellsEmpty stream is used to identify
and study noisy channels, with the aim of optimising the cell monitoring procedure
and gaining a better understanding as to the nature of sporadic noise in LAr.

3.3.1 Identification of Noisy Channels

The LArCellsEmpty stream is useful for noise studies, since information is recorded
on a cell-by-cell basis, permitting the isolation of individual cells and their proper-
ties. In order for an event to be recorded in the LArCellsEmpty stream, the signal
pulse read-out from a cell must be ADCmax > 5σ. On this basis the RoI surround-
ing the trigger tower in question will be written to the LArCellsEmpty stream. The
distribution of the cell mean energy, denoting the mean of the energy distribution
in a each LAr cell included in an example run, yields a peak at ∼ 8 GeV shown
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in Figure 3.8a. Comparing this distribution for all calorimeter cells (black line)
to those in the barrel pre-sampler only indicates that the PS is largely responsible
for triggering the read-out to LArCellsEmpty. During the run in question an indi-
vidual cell included in the LArCellsEmpty stream is found to record, on average,
∼ 8 events leaving an energy deposit E > 4σ. Cuts upon the number of cell hits
(E > 4σ) are applied systematically to this sample, and the effect on the distribu-
tion of cell mean energy can be seen in Figure 3.8b, with the results summarised
in Table 3.4. From the distributions of Figure 3.8 two noise populations can be
identified. A portion of cells in the PS are firing multiple times yielding mean cell
energies of up to 10 GeV, with a smaller number of cells producing less frequent
bursts, but at higher energies.

Cell hit threshold Number of Number of % of sample from
(E > 4σ) LAr cells EMBPS cells EMBPS

8 1319 1060 80%
10 1087 910 84%
18 868 752 87%
41 516 491 88%

Table 3.4: Number of LAr cells passing increasingly tight cuts on the number of
hits/counts with E > 4σ, for ATLAS run 166466. Cells with the highest event
counts appear mostly in the EMBPS. The effect these cuts have on the mean cell
energy distribution can be seen in Figure 3.8b.

Based on these separate populations of noisy channels, three separate flagging
algorithms are employed. The first, more complicated algorithm aims to identify
noisy PS cells. The cut thresholds tested above are chosen based on the mean
number of hits per cell (baseline requirement to denote a “hit” will be E > 4σ for
the duration of this section unless otherwise stated) as calculated for the run in
question. The time over which an ATLAS run lasts is not stable, with some runs
being longer in duration that others. In order to normalise the average number
of cell hits over a more stable time period, the average number of hits per cell is
determined on a LB by LB basis. This calculation is made by first determining the
average number of hits per cell (with E > 10σ this time, the baseline having been
raised in order to avoid over-flagging cells in the EMBPS) within each LB in the
given run:

< NLB,i
cell counts >=

∑Ncells
i=1 < Nhits >

Ncells
, (3.1)

where < NLB,i
hits > is the mean number of hits per cell for LB i, < Nhits > is

the mean number of hits per cell (including only hits occurring within LB i) and
Ncells denotes the number of LAr cells contributing to the cell hit count in LB i.
This calculation is done for each individual LB. The mean of this quantity is then
determined by:
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< NLB,tot
cell counts >=

∑NLB
i=1 < NLB,i

hits >

NLB
(3.2)

where < NLB,tot
cell counts > denotes the mean number of hits per cell per LB, aver-

aged over all LBs. Multiplying this quantity by the total number of LBs, NLB,
results in an estimate for the average number of hits per cell (E > 10σ), denoted
by < Nhits

cell >. This is one of the quantities of interest in the LArCellsEmpty cell
flagging criteria.

Three criteria for bad channel flagging are set:

1. number of counts (E > 10σ) in a cell are greater than 10 sigma from the
mean (< Nhits

cell >),

2. number of counts (E > 1 GeV) are greater than 250 and the average energy
per hit is more than 1.5 GeV,

3. number of counts (E > 1 GeV) are greater than 25 and the average energy
per hit is more than 30 GeV.

Here first and second points target the PS cells, with the third focusing on the
less frequent and more energetic energy deposits. The monitoring script runs on
the LArCellsEmpty data, flagging a cell as “noisy” if it satisfies one of the criteria
above, with (1) being referred to as the “MeanCellHits” cut and the others as the
“EnergyThreshold” cuts.

These two complimentary cuts were introduced in May 2011 in a monitoring
package to be run by the offline DQ shifters to check for and identify sporadic noise
in data. The number of channels flagged by each of these algorithms was monitored
over several runs during this period, the results are displayed in Table 3.5. The use
of these algorithms results in a few hundred cells being flagged in every ATLAS
run, a rather large amount. Extra refinements are required in order to improve bad
channel identification.

Run number MeanCellHits EnergyThreshold Both

178020 501 364 356
178021 428 209 193
178026 554 75 75
178044 483 816 429

Table 3.5: Number of LAr cells passing each flagging individual algorithm and
both algorithms simultaneously in a sample of 2011 ATLAS runs
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(a)

(b)

Figure 3.8: The cell mean energy distribution, measured in GeV, for LAr cells
in ATLAS run number 166466 in the LArCellsEmpty stream. In 3.8a the black
line includes all LAr channels, with the red line denoting cells in the EMBPS only.
In 3.8b the cell mean energy distribution is shown for all cells (black), and only for
cells experiencing more than 8 (green), 10 (grey), 18 (red) and 41 (blue) hits with
E > 4σ per cell. The turn on curve, peaking at approximately 8 GeV, is due to
the L1 triggers thresholds.
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One feature that has the potential to interfere with bad channel flagging, and
is present in the LArCellsEmpty data samples, is noise due to noise bursts. A cell
involved in a noise burst could be flagged by, in particular, the EnergyThreshold al-
gorithm. In order to prevent channels being wrongly assigned SporadicBurstNoise
status noise burst LBs must be removed from the LArCellsEmpty data prior to the
flagging procedure. By retrieving the list of defect LBs from DQ these LBs can be
removed from the samples prior to bad channel flagging. This list includes not only
noise burst LBs, but LBs with HV trips and other intolerable defects, all of which
are masked.

3.3.2 Luminosity Dependence

The cleaning procedure described in the previous section aids in noisy channel iden-
tification. Having isolated and flagged offending channels the nature of the noise
itself can be studied further. The origin of the noise being unknown, any correla-
tions or trends that can be identified could be useful to better understand its source.
One such interesting feature is the dependence of the cell noise on instantaneous
luminosity.

To study the luminosity dependence of sporadic noise, the number of chan-
nels flagged as a function of luminosity is monitored. A sample of ten runs from
2011, with luminosities in the range 4–12× 1032 cm−2s−1, is run through the LAr-
CellsEmpty flagging algorithm. The result can be seen in Figure 3.9. This distribu-
tion shows an increase in the number of channels flagged using the EnergyThreshold
cuts of the previous section with increasing instantaneous luminosity. On closer in-
spection of the contributions from separate partitions, the PS can be seen to be
the most notable offender. In fact, Figure 3.10 shows that this apparent correlation
appears only in the PS, with the number of channels being flagged as a function
of instantaneous luminosity in the other layers remaining more or less stable. Of
course, the PS has far higher statistics. Closer inspection shows that this correla-
tion with luminosity is prominent in the C-side PS only.

These results suggest that the population of cells firing multiple times in the PS
bear some correlation with instantaneous luminosity, with this trend being most
prominent in the C-side. For other calorimeter layers there is no obvious correlation.

Looking at the number of cells flagged as a function of LB for each layer in the
barrel (Figure 3.11), the rate at which new cells are flagged in layers 1–3 remains
reasonably constant. In the PS there are a large number of cells (∼ 250 for this
run) being flagged at the very beginning of the run, with this number settling to a
constant value (∼ 10 per LB) thereafter. Figure 3.12 shows the same distributions,
though here a single cell may enter the distributions in any LB for which it passes
the bad channel criteria. In this case the PS can be seen to be contribute many
cells at a constant rate throughout the run, with a slightly downward slope in
Figure 3.12, which could be further demonstration of the trend with instantaneous
luminosity observed in the case of the pre-sampler cells. This suggests that there
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Figure 3.9: Number of LAr cells flagged (using the EnergyThreshold cuts described
in Section 3.2.1) as a function of instantaneous luminosity at ATLAS (“ATLAS
preferred” refers to the luminosity as measured online at ATLAS). Distribution is
made using a sample of ten runs from 2011 proton-proton collisions.

Figure 3.10: Number of cells flagged (using the EnergyThreshold cuts described
in Section 3.2.1) as a function of instantaneous luminosity at ATLAS. Distribution
is made using a sample of ten runs from 2011 proton-proton collisions. Luminosity
dependence can be seen for cells in the PS (top left), first layer (top right), middle
layer (bottom left) and back layer (bottom right) of the barrel and end-caps.

are a population of cells in the PS that fire almost every LB that are flagged in the
first LB or so. For the other layers the rate of cell flagging appears constant.
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Figure 3.11: Number of cells flagged in PS (a), front (b), middle (c), and back
(d), layers of the EM barrel as a function of LB for an example run 191428 from
October 2011. Once a cell has been flagged it remains so for the duration of the
run, and so does not appear in subsequent LBs in these distributions.
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Figure 3.12: Number of cells flagged in PS (a), front (b), middle (c), and back
(d), layers of the EM barrel as a function of LB for an example run 191428 from
October 2011. Here a the cells are flagged on a LB by LB basis. A cell will enter
into these distributions once for every LB in which it passes the bad cell criteria.



Chapter 4

Physics Object Selection

The interactions of interest at ATLAS involve a great number of particles, including
electrons, muons, quarks and photons. These particles are identified at ATLAS by
the way in which they interact with the detector material. The output from ATLAS
is given in the form of energy deposits at specific locations within the detector. This
section describes how exactly particles are identified and reconstructed at ATLAS,
and how these physics “objects” are then passed on to be selected for physics
analysis.

4.1 Object Definitions

At ATLAS each detector component plays a key role in particle identification.
Analyses tend to work with physics “objects”, and so detector output used for
particle reconstruction rarely enters a physics analysis. Instead physics objects are
built using various particle identification and reconstruction algorithms. In this
way particle objects are loosely reconstructed and grouped into “containers” cor-
responding to the specific object. At this level the reconstruction criteria for each
object is very loose, and as such is is possible for a single object to fall into more
than one container. In order to remedy this apparent particle duplication “overlap
removal” is performed on physics objects at an analysis level. More details on the
overlap removal process will follow in this section.

4.1.1 Electrons

Electrons produced at ATLAS will penetrate the first two main detector sub-
systems, the inner detector and the ECAL. A track will be left in the inner detector
while the electron energy is deposited in the ECAL. Electrons are reconstructed us-
ing the egamma algorithm. The first stage of electron identification is to find energy
deposits, or “clusters” in the EM calorimeter. Energy deposited in the calorimeter
are summed within longitudinal towers of 0.025× 0.025 in ∆η×∆φ, corresponding
to the cell dimensions in the middle layer of the EM barrel. Scanning over regions
of fixed size the “sliding window” locates local maxima in ET , and this maximum
then seeds a calorimeter cluster. For electrons, clusters are formed using 3 × 7

59
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longitudinal towers in the barrel and 5× 5 longitudinal towers in the end-caps. In
the barrel the magnetic field causes bending of particle trajectories in the φ plane,
which leads to the cluster size being larger in this dimension in order to contain
as much of the electron energy as possible. In the end-caps the influence of the
magnets is far less extreme, and so the η and φ dimensions are identical for clusters
forming electrons. As the number of calorimeter cells incorporated into the forma-
tion of a cluster increases so too does the noise contribution to the energy read out.
These cluster sizes are optimised in order to include most of the energy deposited
by the particle in the calorimeter, while limiting the contribution from electronic
noise. Following this, the seed cluster must be matched with a track in the tracker
in order for the electron to be reconstructed. This matching is done by comparing
the relative positions of the seed cluster and the inner detector track. These should
lie within ∆η < 0.005 of one another. Since the magnetic field of the solenoids
causes the track that is extrapolated from the inner detector to the centre of the
calorimeter cluster to bend, the requirements in the φ plane are ∆φ < 0.01 on the
side where this bending occurs and ∆φ < 0.005 on the other. These η − φ require-
ments must be satisfied on comparing the track position to the cluster location in
each calorimeter sampling. If there are more than three silicon hits in the electron
track then η is taken as that associated with the track (ηtrack), otherwise the η
associated with the calorimeter cluster (ηcl) is used. Since the fine granularity of
the inner detector offers the highest precision in pin-pointing a particles position,
the η measured using the tracker is most favourable.

The electron identification process uses information from the inner detector,
ECAL and HCAL in order to facilitate satisfactory distinction between electrons
and hadrons. In addition to the track extrapolation to the calorimeter cluster, the
energy and momentum of the track and the cluster must also be in good agreement
in order to reject the background from photon conversions. Energy deposits in the
calorimeter due to electrons tend to be narrower than showers from hadrons, and
the lateral shower shapes are used to discriminate between these and wider showers
from jets. The first strip layers of the ECAL, with fine granularity, aid in iden-
tifying any substructure in showers originating from photons or pions. Electrons
deposit their energy predominantly in the ECAL, with leakage into the hadronic
portion of the calorimeter small compared with hadronic showers. For this reason
the relative energy deposits in the two calorimeter systems serves as an additional
discriminator between electrons and jets. By applying selection cuts on variables
such as these, electron identification is categorised into three levels by the Egamma
Algorithm, defining electrons to be “loose”, “medium” or “tight”. The conditions
for these criteria are summarised in Table 4.1.

At an analysis level, certain constraints on the quality of electrons which are se-
lected are put into place. These quality cuts make use of the different categories of
electron identification in addition to further requirements on pT and isolation, and
are summarised in Table 4.2. So-called “baseline” electrons from 2011 data used
in this analysis must satisfy the medium selection criteria [26], and are required
to reside within |η| < 2.47. A baseline pT cut of 10 GeV is imposed in order for
an electron to be selected. For “signal” electrons the identification level is raised
to tight, and these electrons should be isolated from other high-pT charged parti-
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cles in the event. To quantify this isolation the total transverse energy in a cone
of radius ∆R > 0.2 surrounding the electron must be less than 10% of the total
ET (pcone20

T < 0.1×pT ). For the dilepton analysis, if the leading “good” electron is
the leading lepton in the event, the pT requirement imposed upon it is raised to 25
GeV. This ensures that the electron is on the trigger plateau, and hence is capable
of having fired the single electron trigger.

In addition to the above, electrons (if the leading signal lepton in the event)
selected from data are required to have a match in the level two trigger, meaning
that the trigger fired due to the electron in question. Events from simulation are
re-weighted to correct for discrepencies between the simulated (MC) and observed
(data) effect of the single lepton triggers. The energy of electrons in simulated
events is smeared prior to object selection according to the recommendations of the
Egamma Working Group, to account for differences in resolution between data and
MC. In order to account for differences in electron reconstruction efficiency, η- and
ET -dependent scale factors are applied to each electron surviving overlap removal
and selection requirements in an MC event [26].

In general for SUSY analyses “baseline” lepton definitions are used for lepton
rejection and leptons satisfying “signal” lepton definitions are desired for selection.
A “zero-lepton” analysis would request events without baseline leptons, whereas
an analysis focusing on leptonic channels would require events containing signal
leptons.



62 Chapter 4. Physics Object Selection

T
ab

le
4.

1:
E

le
ct

ro
n

id
en

ti
fi

ca
ti

o
n

va
ri

a
b

le
d

efi
n

it
io

n
s

a
n

d
cu

ts
u

se
d

o
n

el
ec

tr
o
n

s
w

it
h

in
|η
|<

2.
4
7

fo
r

A
T

L
A

S
d

a
ta

ta
ke

n
in

2
0
1
1
.

F
or

cu
ts

w
h
ic

h
h

av
e

b
ee

n
op

ti
m

is
ed

fo
r

te
n

se
p

a
ra

te
b

in
s

in
η

a
n

d
in

so
m

e
ca

se
s

el
ev

en
b

in
s

in
p
T

,
a

ra
n

g
e

fo
r

th
e

va
ri

a
b

le
in

q
u

es
ti

o
n

is
gi

v
en

.

T
y
p

e
D

es
cr

ip
ti

o
n

V
a
ri

a
b
le

C
u

t

“
L

o
o
se

”
el

ec
tr

o
n

cu
ts

H
a
d

ro
n

ic
le

a
ka

g
e

R
a
ti

o
o
f
E
T

in
th

e
H

C
A

L
co

m
p

a
re

d
to

th
e
E
T

o
f

th
e

E
M

cl
u

st
er

R
h
a
d

<
0
.0

1
−

0
.0

6
5

E
C

A
L

fi
rs

t
la

y
er

F
ra

ct
io

n
o
f

cl
u

st
er

en
er

g
y

in
sa

m
p

li
n

g
1

f 1
<

0
.0

0
5

T
o
ta

l
sh

ow
er

w
id

th
in

sa
m

p
li

n
g

1
w
to
t

<
1
.6

0
−

4
.2

R
a
ti

o
o
f

th
e

d
iff

er
en

ce
in

en
er

g
y

b
et

w
ee

n
th

e
tw

o
la

rg
es

t
en

er
g
y

d
ep

o
si

ts
in

sa
m

p
li

n
g

1
ov

er
th

ei
r

su
m

E
r
a
ti
o

<
0
.0

6
−

0
.8

8
E

C
A

L
se

co
n

d
la

y
er

R
a
ti

o
o
f

th
e

en
er

g
y

su
m

in
3
×

7
ce

ll
s

ov
er

th
e

en
er

g
y

su
m

in
7
×

7
ce

ll
s

R
η

>
0
.7
−

0
.9

2
T

o
ta

l
sh

ow
er

w
id

th
in

sa
m

p
li

n
g

2
w
η
2

<
0
.0

1
1
−

0
.0

2
8

T
ra

ck
N

u
m

b
er

o
f

p
ix

el
la

y
er

h
it

s
N
p
ix

≥
1

N
u

m
b

er
o
f

si
li

co
n

h
it

s
N
s
i

≥
7

N
u

m
b

er
o
f

b
-l

ay
er

h
it

s
(i

f
a

b
-l

ay
er

h
it

is
ex

p
ec

te
d

)
N
B
L

≥
1

T
ra

n
sv

er
se

im
p

a
ct

p
a
ra

m
et

er
w

it
h

re
sp

ec
t

to
th

e
p

ri
m

a
ry

v
er

te
x

d
0

<
5

m
m

D
iff

er
en

ce
b

et
w

ee
n

th
e

tr
a
ck
η

a
n
d

th
e
η

o
f

th
e

cl
u
st

er
∆
η

<
0
.0

1
5

D
iff

er
en

ce
b

et
w

ee
n

th
e

tr
a
ck
φ

a
n
d

th
e
φ

o
f

th
e

cl
u

st
er

∆
φ

<
0
.0

1
5

U
p

p
er

li
m

it
o
n

ra
ti

o
o
f

cl
u

st
er

en
er

g
y

a
n

d
tr

a
ck

m
o
m

en
tu

m
E
/
p

m
a
x

<
2
.5
−

1
0
.0

L
ow

er
li

m
it

o
n

ra
ti

o
o
f

cl
u

st
er

en
er

g
y

a
n

d
tr

a
ck

m
o
m

en
tu

m
E
/
p

m
in

>
0
.0
−

0
.9

T
R

T
F

ra
ct

io
n

o
f

h
ig

h
th

re
sh

o
ld

h
it

s
in

th
e

T
R

T
(|
η
|<

2
.0

)
f H

T
>

0
.0

5
−

0
.0

8

“
M

ed
iu

m
”

el
ec

tr
o
n

cu
ts

(i
n

cl
u

d
es

“
L

o
o
se

”
re

q
u
ir

em
en

ts
)

T
ra

ck
D

iff
er

en
ce

b
et

w
ee

n
th

e
tr

a
ck
η

a
n

d
th

e
η

o
f

th
e

cl
u

st
er

∆
η

<
0
.0

0
5

“
T

ig
h
t”

el
ec

tr
o
n

cu
ts

(i
n
cl

u
d

es
“
M

ed
iu

m
”

re
q
u

ir
em

en
ts

)

T
ra

ck
T

ra
n

sv
er

se
im

p
a
ct

p
a
ra

m
et

er
d

0
<

1
m

m
T

R
T

F
ra

ct
io

n
o
f

h
ig

h
th

re
sh

o
ld

h
it

s
in

th
e

T
R

T
f H

T
>

0
.1

0
−

0
.1

3



4.1. Object Definitions 63

Table 4.2: Definitions and cuts defining baseline and signal electrons used for this
analysis on 2011 data and simulation.

Type Description Variable Cut

Baseline electron cuts

Identification Electron identification requirement elID Medium
Momentum Electron transverse energy ET > 10 GeV
Position Electron η position |η| < 2.47

Signal electron cuts (includes baseline cuts)

Identification Electron identification requirement elID Tight
Momentum Electron transverse energy ET > 25 GeV

Isolation Fraction of electron ET contained within a
cone of ∆R < 0.2 surrounding the electron

pcone20T
pT

< 0.1

4.1.2 Muons

Muons will penetrate each layer of the ATLAS detector, leaving evidence of its
presence in all the sub-systems as it goes. This permits the use of information from
the inner detector, calorimeters and the muon spectrometer to aid in muon identi-
fication and reconstruction. Muon identification begins in the muon system, where
the passage of a muon through the MDT’s allows the reconstruction of segments
of the muon’s track. The tracks identified in the candidate segments are fit, and
a preliminary momentum estimate is extracted. The track from the combined seg-
ments is then extrapolated to inner detector, where it should be matched with an
inner detector track. If a match is found, these tracks are merged using the STACO
(STAtistical COmbination) algorithm. As a muon traverses the ATLAS detector it
suffers energy loss in the calorimeters (typically at least 3 GeV), resulting in dis-
crepencies between the muon momentum measurement from the inner detector and
the muon spectrometer. The final step in muon identification involves correcting
for this energy loss.

Selected muons for the dilepton analysis are reconstructed using the STACO
algorithm following Ref. [27] with pT > 10 GeV and |η| < 2.4. The STACO muons
selected must be “combined” (where the reconstruction of a track in the muon spec-
trometer is the principle driver in the identification process) or “segment-tagged”
(where reconstructed tracks in the inner detector are extrapolated to the muon
system and matched to hits in the spectrometer segments) muons, according to the
recommendation of the MCP (Muon Combined Performance) group at ATLAS.
Signal muons are additionally required to be isolated from other high-pT charged
particles in the event (pcone20

T < 1.8 GeV), and if the leading lepton in the event,
the muon must have pT > 20 GeV. All cuts associated with the inner detector track
and muon quality for both baseline and signal muons are summarised in Table 4.3.

Trigger matching is performed on selected muons in data (as with electrons),
and events in MC undergo trigger re-weighting. In simulation the muon momentum
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is smeared to better represent the resolution in data. The muon reconstruction
efficiency differs between data and MC. In order to account for this, an η- and
pT -dependent scale factor is applied to each muon passing selection requirements
and overlap removal in an MC event [28,29].
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4.1.3 Jets

Jets are comprised of hadronic particles, which will penetrate through the first three
main detector sub-systems. If the hadrons are charged they will leave tracks in the
inner detector, before depositing energy in both the EM and hadronic calorime-
ters. Energy deposits are collected together to form jet objects. There exist many
algorithms which perform this grouping of jet objects, and each technique yields
slightly different jet characteristics and results. Since all algorithms behave slightly
differently and possess their own various features, the nature of reconstructed jets
is heavily dependent on the particular algorithm in use. For this analysis jets are
identified using the Anti-kt jet clustering algorithm [30,31].

The Anti-kt algorithm looks at the pT of each jet object in an event and iterates
over constituent pairs. For each pair of jet objects, i and j, the quantity k2

T,ij is
defined such that:

k2
T,ij = min(p−2

T,i, p
−2
T,j)×

∆R2
ij

D2
(4.1)

where ∆Rij is the opening angle between the pair of objects given by
√

∆ηij + ∆φij ,
and D is the distance parameter which describes the typical jet size for the algo-
rithm.

This iteration is performed over all constituent pairs and then the smallest value
resulting from all the k2

T,i (where k2
T,i = p−2

T,i ×D−2, the k2
T of a single object) and

k2
T,ij terms is extracted. If this minimum value is the k2

T,ij term for a pair of jet
constituents, i and j, then these two constituents are merged. This process is re-
peated until the minimum is given by the k2

T,i value of a single object, at which
point all objects merged to form jet object i have been combined to form a “final
state” jet. This process is repeated until all jet objects are iterated over in this
way, and the reconstruction of all final state jets is complete. By scrutinising all
constituents the Anti-kt algorithm tends to perform well in including the majority
of the original parton pT in jet construction.

Clusters, which are fed into the Anti-kt algorithm, are seeded by cells acquiring
energy deposits above 4σ of the cell noise. All neighbouring cells (in 3-dimensions)
are included in this “pre-cluster.” If a neighbouring cell has energy greater than
2σ above its background value, the neighbour’s neighbours are included in the pre-
cluster also. On top of this, an additional single layer of cells surrounding this
pre-cluster is included in the cluster object.

In this analysis calorimeter jets with uncalibrated pT > 7 GeV are reconstructed
with a four-momentum recombination scheme. This means that the four-momenta
of all constituent clusters are summed together to calculate the total jet four-
momentum. These jet objects are identified using the Anti-kt algorithm with a
distance parameter of D = 0.4.

Jet calibration is performed on reconstructed jets. Initially each calorimeter
cell contributing to a jet is scaled to the electromagnetic energy scale (EM scale),
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which has been derived using test beam measurements of electrons a muons [32].
The EM scale correctly accounts for photon and electron energies, but does not
account for detector leakage, dead material and inefficiencies associated with clus-
tering and identification algorithms. Additionally, the non-compensating nature of
the ATLAS calorimeters means that the calorimeter energy response is significantly
different for electrons and photons, compared with hadrons. This feature must also
be accounted for by correcting the jet energies to the hadronic scale. By comparing
the reconstructed jet pT in MC to the pT at truth level1, the jet energy response
is derived as a function of pT and η [33, 34]. The jet energy scale (JES) correction
is applied on a jet by jet basis. On average for jets with pT ∼ 20 GeV, this cali-
bration results in an increase of ∼ 40% in the jet pT , though this increase becomes
less significant for much higher jet energies.

All reconstructed jets are required to pass several selection criteria, which re-
move specific non-collision backgrounds [34, 35]. The quality of jets are assessed
using a collection of discriminating variables which are summarised in Table 4.4.
Conditions for these non-collision backgrounds are summarised in Table 4.5.

Once calibrated, baseline jets are required to have pT > 20 GeV and to reside
within |η| < 2.8. For signal jets this η requirement is tightened to |η| < 2.5. Addi-
tionally, the jet vertex fraction (JVF) must be above 75%. This quantity represents
the fraction of the total track pT which is carried by tracks with impact parameters
that are consistent with the primary vertex. This requirement on the JVF prevents
photons from being classified as signal jets, since photons will not leave charged
tracks. The requirements placed on baseline and signal jets are summarised in Ta-
ble 4.6.

Heavy flavour b-jets are identified at an efficiency of 60% using the “jet fitter”
algorithm [36]. As is the case for electrons and muons, scale factors are necessary
to correct for discrepencies in heavy flavour physics in data and MC.

4.1.4 Overlap Removal

In order to ensure that objects are not duplicated in more than one collection of
baseline objects, the following overlap removal procedure is performed. If any two
baseline electrons lie within a distance of ∆R < 0.1 of one another, the electron
with the lowest EclT is discarded. Following this, jets passing basic selections are
required to be at least 0.2 units from all surviving baseline electrons in η–φ. Any jet
failing this requirement is removed from the event. Baseline electrons are then re-
quired to be at least 0.4 units from all good jets in η–φ. Next, muons with pT > 250
GeV within 0.2 units from a jet with pT > 500 GeV are removed. Highly energetic
jets which “punch-through” into the muon system can lead to a very high-energy
muon being reconstructed from the jet debris. This causes the missing transverse
momentum to be poorly measured, motivating their removal. Only O(10) events

1Truth information in MC refers to the “true” particle information in the simulation, as opposed
to the information on the reconstructed particle (which is the only information available for real
data).
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Table 4.4: Discriminants used to identify and categorise bad jets.

Name Description Variable

EM fraction Fraction of energy in the ECAL fEM
Samplig max fraction Maximum energy fraction contained in a single

calorimeter layer
fmax

HEC fraction Fraction of energy in the HEC fHEC
LAr quality Fraction of energy associated with LAr cells with

a q-factor > 4000
LArQ

HEC quality Fraction of energy associated with HEC cells with
a q-factor > 4000

HECQ

Negative Energy Negative energy associated with a jet ENeg
Mean LAr quality Normalized jet quality (= q

65535
) LArmeanQ

Jet charged fraction Ratio of the sum pT of jets associated tracks and
the calibrated jet pT

fch

Table 4.5: Potential sources of bad jets and the cuts imposed on the discriminants
introduced in Table 4.4 in orer to clean these events.

Source Description Cleaning cut

HEC spike Large fake energy deposits in the HEC fHEC > 0.5
|HECQ| > 0.5
LArmeanQ > 0.8
or
ENeg > 60 GeV

EM noise Noise in the EM calorimeter (sporadic, burst, etc.) fEM > 0.95
|LArQ| > 0.8
LArmeanQ > 0.8
|η| < 2.8

Cosmics/non- Cosmics and background noise fEM < 0.05
collision backgrounds fch < 0.05

|η| < 2
or
fEM < 0.05
|η| ≥ 2
or
fmax > 0.99
|η| < 2
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Table 4.6: Definitions and cuts defining baseline and signal jets used for this
analysis on 2011 data and simulation.

Type Description Variable Cut

Baseline jet cuts

Quality Jet should not satisfy conditions listed in
Table 4.5

JetQ Good

Momentum Jet transverse momentum pT > 20 GeV
Position Jet η position |η| < 2.8

Signal jet cuts (includes baseline cuts)

Track quality Jet vertex fraction JV F > 0.75
Position Jet η position |η| < 2.5

in the data are removed by this cut.

At this stage, the missing transverse momentum and the razor variables (see
nect chapter) are calculated. By calculating all of these variables at once, a consis-
tent view of the event is achieved. Calculating these variables before furthur overlap
removal between jets and muons also ensures that energy possessed by muons pro-
duced within b-jets is also taken into account in the EmissT and razor variables.

Having computed the razor variables and EmissT for the event, baseline electrons
and muons are then required to be at least 0.4 units from all good jets in η–φ. Any
electron or muon failing this requirement is removed from the event. Finally, if any
of the remaining baseline electrons and muons lie within ∆R < 0.1 of one another,
both objects are discarded. This cut is motivated by instances of muons undergo-
ing bremsstrahlung where the photon is mis-identified as an electron, resulting in a
poorly reconstructed muon and electron on top of one another. These objects are
removed from the event so that they are not tagged as “good” leptons, but are still
included in the calculation of the above mentioned event level variables in order to
avoid inconsitencies in, for example, EmissT .

The electron-electron, electron-muon, and punchthrough jet-muon overlap re-
moval were specifically investigated for their impact on the signal regions. No events
containing such an overlap were found, in either data or MC simulation, to enter
any of the dilepton signal regions.

4.1.5 Missing Transverse Momentum

Some objects (eg. neutrinos) will not interact with the detector system at all. In
the case of supersymmetry, stable LSPs are expected to escape the ATLAS detector
completely unnoticed. Evidence of the presence of such particles being produced
will manifest in an energy inbalance in an event. As such, the ability to measure the
amount of missing energy in an event with some surety is one of great importance.
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The algorithm used to calculate EmissT includes all baseline electrons and muons,
though for technical reasons electrons with ET < 20 GeV are not taken into ac-
count. Jets calibrated at the EM+JES scale with pT > 20 GeV are also entered into
the calculation. The EmissT computation also takes into account the so-called “Cell-
Out” term, which includes topological clusters not associated with reconstructed
objects. All objects entering into the EmissT calculation do so after any associated
smearing has been applied.

4.2 Event Cleaning

In addition to object identification, reconstruction and quality cuts, there is some
further event level cleaning required in order to reject any poorly-reconstructed or
contaminated events. For part of 2011 the LAr Calorimeter had a problem with
6 read-out FEBs. This resulted in a dead region of the calorimeter, affectionately
referred to as the “LAr hole”. The hole was situated in samplings 2 and 3 of the
EMBA, and corresponded to a loss of coverage in a region of ∆η×∆φ = 0.2×0.14.
Data collected during this period (and a corresponding fraction of MC events also)
is checked using the “smart LAr hole veto”. Any event failing this smart veto is
rejected [27]. The smart LAr hole veto determines whether or not the energy in
the event which is pointing towards the LAr hole (if any) contributes significantly
to the EmissT in the event (typical thresholds ∼ 10%). Applying the smart LAr hole
veto results in the removal of less than 0.1% of events in data.

Events with cosmic muon candidates are vetoed, so as to avoid counting events
with artificially large EmissT . A muon is considered a cosmic candidate if it satisfies
|d0| > 0.2 mm and |z0| > 1 mm with respect to the primary vertex. Events are also
discarded if they contain so-called “bad” muons. Such muons are poorly measured
and tend to fail isolation requirements, as such any event containing a muon with
∆q/p/|q/p| ≥ 0.2 is rejected. This check is performed prior to muon-jet and muon-
electron overlap removal.

Each selected event also undergoes “bad jet cleaning”. Jets are quality assessed
using the identifiers in Table 4.4. Specific cuts and thresholds are set to discriminate
between potential sources of fake energy or energy not originating from the event
(Table 4.5). This allows the definition of different levels of “bad” jets. Events are
rejected if they contain a “very loose” bad jet or an “ugly” jet with pT > 20 GeV.
Very loose bad jets are removed because they either come from background events
or are a consequence of detector defects. Ugly jets tend to be badly measured jets
which are positioned in problematic regions of the calorimeter. This check for bad
jets is made after overlap removal.

Problems in the MC11 simulation made it necessary to introduce the final event
cleaning cuts. Events without an MC event record are removed. In addition to this,
events associated with a known bug regarding energy conservation in simulation are
discarded from the analysis. These MC cleaning cuts result in the removal of less
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than 0.1% of events in a handful of simulated samples.

4.3 Data Set and Event Selection

In 2011 ATLAS recorded ∼ 4.7 fb−1 [37] of data, and this entire dataset is used in
this analysis. The data was processed in Athena [38] release 17 and accessed for this
work in the form of centrally produced, official SUSY group ntuples (version p832).
All data is checked against the official “Good Runs List” in order to ensure that
data used for physics analyses satisfies all data quality and integrity requirements.

4.3.1 Data Periods

During 2011 operation the ATLAS run conditions were not completely stable. For
example, at times there have been hardware issues, where part of the detector may
be switched off or masked. In order to identify data taken during an interval of
approximately constant data-taking conditions the data is grouped into “periods.”
One period corresponds to a period during which the detector sub-systems are in a
more or less stable configuration. The most notable periods and the corresponding
state of the ATLAS detector sub-systems are listed in Table 4.7.

Period LAr conditions Tile conditions Pixel conditions

B-D All OK 5 dead modules 54 dead pixel modules
7 dead b-layer modules

E-H 6 dead FEBs 6 dead modules 56 dead pixel modules
7 dead b-layer modules

I-K 2 dead FEBs 7 dead modules 62 dead pixel modules
10 dead b-layer modules

L-M 2 dead FEBs 9 dead modules 63 dead pixel modules
10 dead b-layer modules

Table 4.7: Data-taking periods at ATLAS. During 2011 periods B-M were used
for analysis. During Period A the central solenoid was switched off, and for part
of it no bunch trains were introduced to the LHC ring. Periods E-H correspond to
the LAr hole period, where the 6 dead FEBs resulted in a rather large region of the
EMB being completely dead to read-out.

4.3.2 Analysis Triggers

In order to select events for a leptonic SUSY search, single lepton triggers are used
at the event filter (EF) level. Since it is desirable to use triggers which are pre-scaled
as little as possible, the lowest energy un-pre-scaled triggers available are selected
from each data-taking period. All relevant triggers are listed in Table 4.8. The
single muon triggers used for the lepton selection require at least one muon with
a minimum pT of 18 GeV. In the case of the electron triggers, an ever increasing
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instantaneous luminosity at ATLAS resulted in tightening trigger requirements. As
such the pT threshold for the lowest un-pre-scaled electron triggers increased from
20 GeV to 22 GeV during the course of 2011.

In order to ensure that the triggers used in this analysis are 100% efficient with
respect to the selection of lepton objects, pT cuts are imposed offline. Events which
pass the electron triggers fall into the electron or “egamma” stream, and events
which fire the muon trigger enter the muon stream. In order to account for events
which result in both the electron and muon triggers firing, the electron stream al-
ways takes priority over the muon stream. Offline if an event has fired both triggers,
it is taken from the electron stream and ignored in the muon stream to avoid double
counting events.

Trigger Integrated Lumi [fb−1] Periods

mu18 1.46± 0.06 A–I
mu18 medium 3.24± 0.13 J–M

e20 medium 1.69± 0.07 A–J
e22 medium 0.59± 0.02 K
e22vh medium1 or e45 medium1 2.43± 0.09 L–M

Table 4.8: The lowest un-pre-scaled single lepton triggers for each data-taking
period for 2011. The total integrated luminosity recorded for each trigger (following
GRL cleaning) is given along with the corresponding periods for which the triggers
were used.



Chapter 5

The Razor Variables

Searches for new physics processes must cover many different final states. Super-
symmetric events, for example, could contain many jets, or just a few; there might
be one lepton, two leptons, many leptons or none. Generally though, R-parity
conserving SUSY models will require a certain amount of missing transverse mo-
mentum, energy escaping the ATLAS detector in the form of the elusive LSP. It
is standard for SUSY (or indeed, alternative theories for “new physics”) searches
to pick a particular final state to probe and then diminish the SM background
processes contributing to this search “channel” by imposing an EmissT requirement
on events. Events producing the relevant final state objects will be selected only
if they possess a transverse momentum imbalance above a certain threshold. One
short-coming of EmissT as a discriminant is the difficulty associated with its cal-
culation. Fake sources of EmissT include “hard” (high-momentum) hadronic jets
punching-through into the muon system as well as detector defects and dead read-
out modules.

Another signal characteristic one might consider derives from the implication
of R-parity conserving models that heavy sparticles are pair-produced and decay
thereafter into an even number of LSPs. As the particles resulting from pp col-
lisions become increasingly heavy with respect to the LHC collision energy, the
longitudinal boost to the particle-particle system should become less significant.
It would therefore make sense for massive SUSY sparticles to appear less boosted
compared with particles resulting from other lower mass processes. As such, SUSY
searches often use transverse event information in order to separate potential SUSY
events from background processes. Such transverse discriminants include effective
mass (Meff)1, for example. The variable set, upon which the di-lepton SUSY search
featuring in this document is based, aims to isolate interesting SUSY-like events
and reduce the SM background acceptance by taking advantage of the topology of
signal processes without requiring an explicit EmissT cut. The “Razor” variables [39]
exploit the somewhat symmetric sparticle decays inferred from the pair production
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of massive sparticles at the LHC. These variables were derived by Christopher Ro-
gan in Ref. [39], and have been used in several SUSY analyses at CMS [40–43].

5.1 Concept and Definition

The concept of the Razor variables and the way in which this approximation is
carried out is best described using a simple SUSY decay example. Consider an
instance of squark pair-production at the LHC, where in this example each squark
decays into a quark and an LSP. At the LHC the point of interaction along the
z-axis cannot be known precisely, with collisions resulting in events being boosted
in the longitudinal plane. A longitudinal boost, βL, would have to be applied to
the particle–particle system in order to move between the lab and centre-of-mass
frames. Assuming the squarks are of the same mass and are produced with no trans-
verse boost, in the di-squark (q̃1q̃2) rest frame - also the centre-of-mass frame in this
example - the squarks have equal and opposite momenta. In practice the squarks
will not be produced at rest, and so in order to reach the squark rest-frames from
the centre-of-mass frame each squark must undergo an equal and opposite boost,
βRT . In this frame, called the “rough-approximation-,” or R-frame, the individual
squark decays are symmetric, and it is this very feature the Razor variables exploit.
This balance between each side of the SUSY decay (one “side” referring to the de-
cays originating from one of the pair-produced sparticles) motivates the grouping
of the associated final state particles into so-called “mega-jets,” denoted j1 and j2.
All visible objects from one side of the di-squark decay are collected together to
create a single four-vector, representing the decay products of a single squark. The
“invisible” LSPs are neglected from this grouping procedure in addition to neutri-
nos, which are also not visible to the ATLAS detector.

The mega-jets are constructed by combining all reconstructed objects selected,
with their four-vectors equal to the sum of the four-vectors of their constituents.
There are many ways in which the selected final state objects may be combined
to form mega-jets, and the decision as to which mega-jet each object is associated
to is based on favouring the combination which minimises the sum of the mega-jet
squared four-vector masses. Each mega-jet must contain at least one reconstructed
object, and once the mega-jets are formed their masses are set to zero. This is in line
with the usage of the Razor variables at CMS. The latter procedure is motivated by
the fact that the masses of the final state leptons and jets comprising the mega-jets
are well below the SUSY mass scale. In the example considered here, each mega-jet
is comprised of a jet from the hadronisation of one of the quarks. Each squark is at
rest and possesses some mass Mq̃, and their respective decays can be approximated
as a simple two-body decay into a mega-jet and an LSP. In this configuration, the
energy of each mega-jet in the R-frame is:

j1,E = j2,E =
M2
q̃ −M2

LSP

2×Mq̃
, (5.1)

1Effective mass (Meff) is defined as the sum of the missing transverse energy and the pT of the
four highest pT jets in the event.
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where MLSP is the LSP mass. From this relation, a characteristic R-frame mass,
denoted MR, can be expressed:

MR = 2× j1,E = 2× j2,E , (5.2)

with MR →Mq̃ for Mq̃ >> MLSP . This results in peaks in the MR distribution at
the characteristic mass of the contributing events. For example, a tt event sample
produces an MR distribution with a peak at MR ≈Mtop, the mass of the top-quark.

The R-frames of each squark can be reached from the lab frame upon the ap-
plication of longitudinal and transverse boosts, βL and βRT . Neglecting any hard
initial state radiation (βISR = 0), where the colliding partons emit high-pT quarks,
gluons or photons before the interaction, the di-squark centre-of-mass frame is ap-
proximately accessible following a longitudinal boost, βL. Using the assumption
that the centre-of-mass frame βT is zero with respect to the lab frame, this boost,
βL, takes the di-squark system from the lab frame to the rest frame of the system.
The approximation βT → 0 is assumed throughout this discussion and is motivated
by the fact that βT ∼ pISRT /

√
ŝ, thus in general |βT | << 1. In the example, the

squarks are produced at rest, and the R-frame has been reached as it is simultane-
ously the centre-of-mass frame, but in practice this is not generally the case. Each
squark must undergo an additional (equal and opposite) transverse boost, βRT , in
order to reach its R-frame. The series of boosts required to take the mega-jets back
from the R-frame to the lab frame are therefore:

jRi
~βRT−→ jCMi

~βL−→ jlabi (5.3)

where i = 1, 2, and ~βRT is the transverse boost applied to each of the mega-jet
four-vectors in opposite directions.

The requirement that the two mega-jets have equal energy in their R-frame
leads to a constraint on the magnitude of their transverse boost. This constraint
can be expressed as:

βRT =
γL × (j1,E − j2,E)− γL × βL × (j1,L − j2,L)

β̂RT · (~j1,T +~j2,T )
(5.4)

where j1,L and j2,L are the z-components of the four momenta of the respective

mega-jet, ~j1,T and ~j2,T are the respective mega-jet momenta in the transverse plane

and β̂RT is a unit vector indicating the direction of the transverse boost, ~βRT . From
this MR may be expressed in terms of the magnitude of the longitudinal boost and
the direction of the transverse boost:

MR =
2γL × β̂RT · [(j1,E ×~j2,T + j2,E ×~j1,T )− βL × (j1,L ×~j2,T + j2,L ×~j1,T )]√

|β̂RT · (~j1,T +~j2,T )|2 − γL × [j1,E − j2,E − βL × (j1,L − j2,L)]2
.

(5.5)
Here γL denotes the Lorentz gamma factor associated with the longitudinal

boost, βL. When the denominator of this expression takes on negative values, the
quantity MR is no longer well defined and becomes unphysical. This behaviour of
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MR when the denominator becomes imaginary motivates the choice of the direction
assigned to the transverse boost. The value of the unit vector, β̂RT , is chosen such
that the number of events for which MR takes on real quantities is maximised with
respect to the opposite. For this to be the case:

β̂RT =
~j1,T +~j2,T

|~j1,T +~j2,T |
, (5.6)

resulting in:

|β̂RT · (~j1,T +~j2,T )|2 → 1. (5.7)

The remaining degree of freedom, βL, may be minimised:

∂MR

∂βL
= 0, (5.8)

which yields:

βL =
j1,L + j2,L
j1,E + j2,E

. (5.9)

Now the transverse and longitudinal boosts necessary to move from the lab-frame
to the R-frame are expressed in terms of only mega-jet quantities in the lab-frame.
With γR being invariant under longitudinal boosts, this Lorentz factor is expressed
in terms of the transverse boost, ~βRT , only:

γR =
1√

(1− |~βRT |2)
. (5.10)

Using this in conjunction with Equation 5.6, the Lorentz factor describing the
boost from the lab-frame to the R-frame can also be expressed in terms of lab-frame
quantities only:

γR =

√√√√ (j1,E + j2,E)2 − (j1,L + j2,L)2

(j1,E + j2,E)2 − (j1,L + j2,L)2 − (|~j1,T |2−|~j2,T |2)2

|~j1,T+~j2,T |2

, (5.11)

Now from Equations 5.6, 5.9 and 5.11, MR may also be expressed as a function of
these lab-frame observables:

MR =

√
(j1,E + j2,E)2 − (j1,L + j2,L)2 − (|~j1,T |2 − |~j2,T |2)2

|~j1,T +~j2,T |2
. (5.12)

The quantity MR tends to peak at MR ∼ M∆ regardless of the value of the
Lorentz factor describing the boost from the lab-frame to the centre-of-mass frame,

γCM . Here M∆ is defined as M∆ =
M2
q̃−M

2
LSP

Mq̃
. The distribution of γR × MR

meanwhile, tends to peak at γR × MR ∼ γCMM∆. Due to the way in which
MR is defined, it is best suited for instances where γCM = 1, which is unphysical
kinematically, and therefore, forbidden. By using γR ×MR in place of MR, the
same peaking behaviour is seen in the variable’s distribution, while the number
of unphysical mega-jet configurations is minimised. For this reason this analysis
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chooses to use the quantity γR×MR, which is defined from Equations 5.11 and 5.12
as,

γR ×MR =
√

(j1,E + j2,E)2 − (j1,L + j2,L)2. (5.13)

From Equation 5.13, the quantity γR ×MR can be seen to contain only longi-
tudinal information about the event. The transverse information of the system is
presented in another variable, MR

T . In the di-squark example above there are two
mega-jets, each with associated EmissT from the escaping LSPs. Assigning half of
the event’s missing transverse momentum to each of the LSPs, MR

T is defined as,

MR
T =

√
| ~EmissT |(|~j1,T |+ |~j2,T |)− ~EmissT · (~j1,T +~j2,T )

2
. (5.14)

Comparing MR
T with γR ×MR, it also contains information regarding the scale

of the process. In the example of di-squark production with γCM = 1, the distri-
bution of MR

T has a kinematic end-point at M∆. Sources of fake EmissT can include
dead read-out modules in the detector, or hadronic punch-through where high pT
jets leak through to the muon system. Scrutiny of Equation 5.14 shows that in
instances where the missing transverse momentum in an event points towards one
of the mega-jets, and so towards the reconstructed final state objects, the quantity
MR
T becomes small. Such a configuration is suggestive of punch-through or the

final states particles traversing dead material. Standard EmissT -based searches may
pick up such events in the high-EmissT tails of their distributions, whereas the same
events would be situated at low MR

T . The quantity MR
T is therefore apparently

insensitive to contributions from “fake” EmissT .

There are now two independent variables which offer a description of the mass
scale of the physics process in question. Using these two sources of information
together, the R-frame “Razor,” R, is defined as the ratio of these two variables:

R =
MR
T

γR ×MR
. (5.15)

For SM processes R tends to take on low values, with R being more or less uniformly
distributed between 0 and 1 for SUSY-like signal events. This feature of R makes
it an excellent signal-background discriminant, and background reduction can be
achieved by imposing a lower bound on this variable in order to select events. The
scale-indicator, γR ×MR, is also used to select signal-like events. Imposing a high
threshold on γR×MR will tend to isolate SUSY with high mass-splitting, given the
peaking nature of this variable. The distributions for an example background and
signal process in the γR ×MR – R plane are shown in Figure 5.1. Notice that the
Standard Model Z+jets background is mostly contained at low R and γR ×MR,
while the SUSY signal point shows no such trend.
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Figure 5.1: Correlation distributions in R and γR ×MR for opposite sign Z/γ∗ →
ee+jets events (left) and di-electron events from a SUSY signal point (right). The
SUSY model is a GMSB signal point with parameters Λ = 40 and tanβ = 15. This
signal model is described in more detail in Section 6.1.1.

5.2 Razor Correlations

The Razor variables have themselves been designed in order to isolate and study
physics processes involving massive particles created in pairs, which decay thereafter
into SM particles and a weakly interacting particle escaping detection, the latter
being characterised by missing transverse momentum in the event. This variable
set is novel in many ways, though still the variables display some strong correla-
tions with other quantities in common use in many SUSY and new physics searches.
Here the Razor variables are shown with respect to some more familiar variables
employed in particle physics analyses, to better understand their behaviour and
characteristics.

The transverse event information is stored in the MR
T variable, with half of

the EmissT in the event being assigned to each of the escaping LSPs. When the
EmissT vector is pointing in the direction of a mega-jet, MR

T will be small compared
with EmissT . For cases with real EmissT , however, Equation 5.14 suggests that MR

T

should be highly correlated with EmissT . The distributions in Figure 5.2 show the
correlation between EmissT and MR

T in opposite sign (OS) di-lepton events resulting
from Standard Model Z/γ∗ → e+e−+jets and a representative SUSY signal point.
Notice that these variables are more correlated in the case of signal, since there
exists real EmissT . On introducing cuts on R the correlation becomes stronger as
events become more signal-like. This behaviour can be seen in both signal and
background distributions.
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Longitudinal event information is stored in the γR×MR variable, which tends to
peak close to M∆, and as such acts as an indicator of the characteristic mass scale
of the event. Other standard SUSY-finding variables provide similar information,
like HT for example. Here, HT is defined as the scalar sum of the pT of all jets (Sec-
tion 4.1.3) with pT > 20 GeV in the event. The correlation between these variables
in the absence of, and upon applying, cuts on R is shown in Figure 5.3. For Z+jets
events, high HT values most often result from the collision of two partons where
one has a high momentum-fraction (fraction of total proton momentum) and the
other with a low momentum-fraction. This indicates an initial longitudinal energy
imbalance, and so the final state products are boosted in the z-plane. In cases such
as these the events are not symmetric in the detector, with the majority of the
final state products confined to one side of the detector in η. This configuration
will result in low values of γR ×MR and R. In contrast, signal like events (as well
as a significant fraction of background events) will appear more symmetric in the
detector, especially in the case of two heavy particles being produced at (or almost
at) rest. In these instances γR×MR will not be small, and since γR×MR is related
to the energy of the reconstructed objects (as opposed to transverse quantities like
pT , as is the case with HT ), γR ×MR can sometimes be significantly larger than
the corresponding HT values. As one would expect, Figure 5.3 shows that these
variables become more strongly correlated as the R threshold increases and events
exhibit more signal-like characteristics.



80 Chapter 5. The Razor Variables

 [GeV]R
TM

0 50 100 150 200 250 300

 [G
eV

]
m

is
s

T
E

0

50

100

150

200

250

300

1

10

210

310

410

510
e-e Channel

ee+jets→Z
-1

L dt ~   5 fb∫
[OS] 

 [GeV]R
TM

0 50 100 150 200 250 300

 [G
eV

]
m

is
s

T
E

0

50

100

150

200

250

300

-310

-210

-110

e-e Channel

GMSB
-1

L dt ~   5 fb∫
[OS] 

(a)

 [GeV]R
TM

0 50 100 150 200 250 300

 [G
eV

]
m

is
s

T
E

0

50

100

150

200

250

300

1

10

210

310

410

510

e-e Channel

ee+jets→Z
-1

L dt ~   5 fb∫
[OS] 

 [GeV]R
TM

0 50 100 150 200 250 300

 [G
eV

]
m

is
s

T
E

0

50

100

150

200

250

300

-310

-210

-110

e-e Channel

GMSB
-1

L dt ~   5 fb∫
[OS] 

(b)

 [GeV]R
TM

0 50 100 150 200 250 300

 [G
eV

]
m

is
s

T
E

0

50

100

150

200

250

300

1

10

210e-e Channel

ee+jets→Z
-1

L dt ~   5 fb∫
[OS] 

 [GeV]R
TM

0 50 100 150 200 250 300

 [G
eV

]
m

is
s

T
E

0

50

100

150

200

250

300

-310

-210

-110
e-e Channel

GMSB
-1

L dt ~   5 fb∫
[OS] 

(c)

Figure 5.2: Correlation distributions in EmissT and MR
T for opposite sign Z/γ∗ →

ee+jets events (left) and di-electron events from a SUSY signal point (right) with
R > 0 (a), R > 0.25 (b), and R > 0.6 (c). The SUSY model is a GMSB signal
point with parameters Λ = 40 and tanβ = 15. This signal model is described in
more detail in Section 6.1.1.
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Figure 5.3: Correlation distributions in γR×MR and HT for opposite sign Z/γ∗ →
ee+jets events (left) and events from a SUSY signal point (right) with R > 0 (a),
R > 0.25 (b), and R > 0.6 (c). The SUSY model is a GMSB signal point with
parameters Λ = 40 and tanβ = 15. This signal model is described in more detail
in Section 6.1.1.
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Chapter 6

Di-Lepton Analysis

The SUSY Razor analysis at ATLAS [44] makes use of the nature of these variables
to search for SUSY in multiple final states. The concept of the Razor is useful in
that the variables themselves are constructed upon grouping final state particles
into mega-jets. Constructing the variables in this way allows these discriminants
to be defined globally, independent of the channel. This is in contrast to variables
such as HT , for example, which requires jets in the final state. The Razor analysis
uses zero-, one- and two-lepton final states. The combination of these channels
results in a SUSY search that is more inclusive than those generally performed at
ATLAS. This report focuses on the two-lepton final state only, though in practice
this channel is combined with the zero- and one-lepton Razor search to maximise
its reach.

This analysis has been structured as a search for evidence of SUSY in di-lepton
final states. On imposing a di-lepton selection on the data taken in 2011, a sample
of all detected and reconstructed events including exactly two-leptons1 is formed.
SUSY signatures must be filtered out from the overwhelming volume of Standard
Model background processes. The Razor variables are employed to assist in this
filtering process.

Following a procedure standard to SUSY analyses, cuts are placed on these vari-
ables, requiring that selected events lie beyond the enforced thresholds. The aim is
to reject as much background events as possible, without an unacceptable number
of events from potential signal models being sacrificed. This results in a signal rich
region – called a “signal region” (SR) – to be defined as a selection region within
which all tailored cuts are satisfied. It is in this region that the postulated sig-
nal model is searched for in data, and the background contribution from Standard
Model processes must be estimated.

Various Monte Carlo generators are used to manufacture the centrally gener-
ated, official ATLAS signal and background event samples. The specific signal
scenarios in use are outlined in 6.1, along with the procedure and results of the

1An event is required to include exactly two signal leptons according to the definitions in
Sections 4.1.1 and 4.1.2.
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signal region definition and optimisation process. The SM backgrounds relevant to
a di-lepton selection are introduced in Section 6.2, with the various Monte Carlo
generators used to produce simulated event samples outlined in Section 6.2.2. Sec-
tion 6.3 contains details on the background estimation procedures employed for
all SM backgrounds associated with this analysis. Though the simulation provides
an estimate of the contribution in the given event selection from SM background
processes, control samples dominated by specific backgrounds are used to provide
background estimates based on distributions in data. These so-called “data-driven”
estimations are performed on every background for which it is viable. This is dis-
cussed further in Section 6.3.

6.1 Signal Models and Signal Region
Optimisation

In order to fine tune signal region cut thresholds, a single signal model point in
parameter space is chosen as the “test” signal. For this analysis, a GMSB point
lying just outside the 2.05 fb−1 ATLAS limit [45] is used. A scan over the Razor
variable parameter space is performed facilitating the selection of the threshold
values yielding the most generous signal significance.

In order to quantify the significance of the predicted signal contribution in the
proposed signal regions, a quantity of signal significance is defined as follows:

Nσ = S/
√
B (6.1)

Here S denotes the number of signal events, and B the number of background
events in the considered region. Nσ, then, describes the number of standard devi-
ations the observed signal is from the combinatory background; an approximation
appropriate in the case of S << B. It is this quantity that is used to determine
which regions of Razor variable parameter space offer the best signal significance
enhancement.

The expected sensitivity to the GMSB and mSUGRA models probed in this
analysis is presented in the following sections, with the signal regions being opti-
mised for a signal point in the GMSB parameter space. Also included are details on
two different gluino-gluino pair production simplified models. These models were
selected for use in the Razor analysis due to the possibility of zero-, one- and two-
lepton final states offered. Additionally, centrally produced ATLAS samples were
readily available for use.

6.1.1 GMSB

The primary signal model chosen for the focus of this analysis is a minimal gauge-
mediated supersymmetry breaking model, and as such the signal region definitions
result largely from the performance of the selections on a test point from a grid point
in the GMSB model parameter space. The GMSB signal grid probed in this search
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is one resulting from varying the values of tanβ and Λ, creating a 2-Dimensional
parameter space over which to scan. The other model parameters remain fixed,
with this particular grid being characterised with a messenger mass, Mmess, of 250
TeV, µ > 0 and Cgrav = 1. The number of messenger multiplets, N , is set to 3.
At these parameter values the next–to–lightest SUSY particle (NLSP) is a slepton
(selectron or smuon) or a stau. The point chosen to optimise for lies in the slepton
region at tanβ = 15, Λ = 40, lying just beyond the limit of the 2011 2.05 fb−1 AT-
LAS exclusion reach. A summary of associated parameters, including the leading
order (LO) cross–section for this point, are shown in Table 6.1.

N 3
Mmess 250 TeV
µ > 0
Cgrav 1
tanβ 15
Λ 40 TeV

NLSP ˜̀

σ (LO) 0.39 pb

Table 6.1: List of GMSB model parameters for the signal point selected for opti-
misation of the di-lepton signal regions.

The S√
B

distributions as a function of γR ×MR were studied. The di-lepton

final states are split into a total of six channels, one for each of the possible flavour
and sign combinations. The resulting distributions in the R – γR ×MR plane can
be seen in Figure 6.1. For the opposite-sign (OS) final states S√

B
is maximised at R

values of 0.4 or slightly above. Placing a threshold at R > 0.4 results in S√
B

values

in the γR ×MR tails (γR ×MR >∼ 600 GeV) of approximately 4σ. In general
the possible significance in the same-sign (SS) channels is much higher, reaching
over 20 even at low R thresholds. For this reason the threshold can be chosen
to be lower. Since less SM background is expected for same-sign processes and a
non-zero number of background events is desired in the signal region in order to
make a reliable estimation of the background contribution therein, the R-threshold
is selected such that not all background events are rejected.

The signal region definitions are based on the GMSB S√
B

optimisation, and

are shown in Table 6.2. These regions will also be used to search for other SUSY
models, outlined further in this section.
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Figure 6.1: The ratio S√
B

as a function of inclusive R – γ ×MR cuts for the OS

(left) and SS (right) ee, µµ and eµ channels. The signal model is a GMSB signal
point with parameters Λ = 40 and tanβ = 15.

6.1.2 mSUGRA

The constrained supersymmetric standard model (cMSSM) assumes universality of
masses and couplings at very high energies. These constraints on the MSSM reduce
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Flavour Combination Sign Combination R Threshold γR ×MR Threshold

electron – electron OS > 0.4 > 600 GeV
muon – muon OS > 0.4 > 600 GeV
electron – muon OS > 0.4 > 600 GeV
electron – electron SS > 0.25 > 500 GeV
muon – muon SS > 0.25 > 500 GeV
electron – muon SS > 0.25 > 500 GeV

Table 6.2: Signal region definitions according to the S√
B

based optimisation. In

practice the R thresholds are applied to define the signal regions and SUSY-like
events are searched for in the γR ×MR tails.

the number of associated parameters to five, thus simplifying the model consider-
ably. In contrast to the GMSB the cMSSM is a minimal SuperGravity model
(mSUGRA), where SUSY breaking is mediated by gravitational interactions. Lim-
its are set on mSUGRA, and the signal significance as a function of R and γ×MR is
studied for a chosen point in the mSUGRA parameter space. The standard ATLAS
mSUGRA signal grid is generated using Herwig [46], which is an MC generator
described in Section 6.2.2, with NLO cross-sections from Prospino [47]. Three of
the five mSUGRA parameters are fixed, with the grid being produced in the m0 –
m1/2 plane. The other associated parameter values are tanβ = 10 and A0 = 0 GeV
with the sign of µ being positive.

A point at m0 = 340 GeV and m1/2 = 330 GeV is taken to study the sig-
nal significance resulting from various R thresholds, again a point just beyong the
two-lepton exclusion limits set by ATLAS dilepton analyses on early 2011 data.
The resulting distributions are shown in the R – γ ×MR plane in Figure 6.2. The
significance in the OS channels is lower than is the case for the GMSB model of
Section 6.1.1, particularly in the di-muon channel. In general it appears that higher
R-thresholds are desirable in order to maximise the sensitivity to a signal of this
type in the OS channels. For the SS channels the potential signal significance is
higher, though if the optimisation were to be done for this model perhaps the R-
thresholds would need to be raised in order to gain the best sensitivity.

6.1.3 Simplified Models

Simplified models characterise new physics signatures in terms of the final state
objects resulting from sparticle decays. Limits are set on two simplified models
with gluino pair production. In the first of these models the gluinos decay, with a
branching ratio of 100%, to a tt pair and an LSP. The final state resulting from such
a topology involves a large number of soft jets, obviously including heavy flavours.
The mass splitting between the gluino and the LSP must be rather large since the
decay chain involves a top-quark. In fact, since the gluino must be on-shell, only
points which satisfy mgluino > mLSP + 2 × mtop are considered. The simplified
model grid is generated using Herwig++ [48] with the gluino and LSP masses
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Figure 6.2: The ratio S√
B

as a function of inclusive R - γ ×MR cuts for the OS

(left) and SS (right) ee, µµ and eµ channels. The signal model is an mSUGRA
signal point with parameters m0 = 340 GeV and m1/2 = 330 GeV.

being varied.

An additional interpretation is made using another model where the gluinos
follow a one-step decay to the LSP. The gluino decays, via the emission of two
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quarks, to a chargino, with the chargino subsequently decaying into a W± and an
LSP. The associated model parameters are the LSP and gluino masses, along with
the relative chargino-LSP, gluino-LSP mass splittings. This simplified model grid
is generated using MadGraph [49].

6.2 Standard Model Backgrounds and Monte
Carlo Generators

In this Section the important backgrounds relevant to a di-lepton search are intro-
duced and discussed. The simulation of these backgrounds, based on the current
understanding of the Standard Model, is performed using an assortment of event
generators. The MC generators responsible for the simulation of each of the SM
backgrounds are identified, along with an explanation as to how the simulation
models the behaviour expected of these processes within the ATLAS detector.

6.2.1 Standard Model Backgrounds

A variety of SM processes can produce two final state leptons. Different processes
dominate depending on lepton flavour and sign combinations. The backgrounds
considered for this analysis are listed in Table 6.3 along with their respective cross–
sections and k-factors. The k-factor for a given process is the ratio of the NLO to
LO cross–section predictions.

The background due to leptonically decaying Z–bosons (or off–shell photons)
is an important contribution for same-flavour, opposite-sign lepton channels. A
Feynman diagram of one such process is shown in Figure 6.3a. The Z/γ∗+jets
background samples used in this analysis include Z/γ∗ → ee, µµ, ττ processes, as
well as processes containing heavy flavour (HF) jets (Zbb/Zcc→ ee, µµ, ττ). Final
states containing two leptons of the same sign are far rarer than processes producing
OS leptons in the SM. In fact Z → e+e− is also one of the dominant backgrounds
in the case of the di-electron SS channel, where one of the electrons has had its
charge mis-identified.

For both the opposite-flavour and same-flavour channels, tt and single top events
are prominent backgrounds. An example of a same-flavour tt process can be found
in Figure 6.3b. The cross-section for tt is the highest compared to all the other
background processes considered here, but the branching ratio of 4.9% for top –
anti–top pairs to decay into two prompt leptons in the final state means that it is
not the dominant background. Additional contributions arise from semi-leptonic
tt, where only one of the tops decay leptonically, with the jet resulting from the
hadronic decay of its partner – or any other jet in the event – being incorrectly
reconstructed as an electron. The latter example results in the selection of a “fake”
lepton, an effect that can lead to single lepton events being wrongly categorised as
di-lepton events. It is this feature that necessitates the consideration of the back-
ground due to W+jets, where one of the jets fakes a lepton. A discussion of the
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Figure 6.3: Feynman diagrams of SM process with possible di-lepton final states;
Z/γ∗ → ``+jets (a), tt (b), single top (c), WW (d), WZ (e) and ZZ (f).

fake lepton background and its determination can be found in Section 6.3.2. Single
top production can leave signatures similar to tt events, and in Figure 6.3c there is
an example of a single top event resulting in two final state leptons. The presence
of a neutrino in an event leads to real missing energy, providing a hint as to how
single top processes can enter into signal–like selections.
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The background due to diboson production has a far smaller cross-section com-
pared with tt. Despite this, the diboson background is important, since final states
with two real leptons are possible, and often the diboson background is strikingly
similar to SUSY–like signal. Diboson processes involving WZ and ZZ production
can result in two real prompt leptons from a leptonically decaying Z, as illustrated
in Figures 6.3e and 6.3f. This leaves the other Z, or W depending on the produc-
tion mode, to decay hadronically. It could also happen that one of the leptons in
WZ → ```ν, is missed during the object reconstruction. This is also possible in
the case of ZZ, though in that case two of the total of four leptons in the event
would have to be missed. For WW , two leptons are produced if both W ’s decay
leptonically as in Figure 6.3d, though there is still the possibility of leptons being
incorrectly identified from the remnants of a W having undergone a hadronic decay.

6.2.2 Monte Carlo Generators

In high–energy physics, events are simulated using Monte Carlo generators. These
computational algorithms use random numbers to determine the result of a particle
interaction. This makes them especially useful for predicting the outcome of situ-
ations with many associated degrees of freedom for which the computation of an
exact result is infeasible. There exist a variety of MC generators, and generally the
generator is chosen based on its suitability for the process considered. All samples
used in this analysis are centrally produced by the ATLAS Collaboration.

MC generators use the parton model of the proton, with the momentum shared
between constituent partons, following a parton distribution function (PDF). The
process of interest is defined by the user. To find the parton level cross-section
the hard-scattering process is modelled, and this modelling normally includes some
higher order corrections (eg. parton radiation). In general most generators will
also include a description of initial state radiation (ISR) in their simulation, in ad-
dition to final state showers and hadronisation. Also the underlying event, a term
describing all interactions and processes except for the hard-scattering, is generally
included in MC simulations. Some generators are also capable of including NLO
cross-section calculations.

Pythia [50] is a widely used MC generator that is capable of simulating both
hard and soft interactions. It is a multi-purpose generator in that it includes parton
showering, hadronisation, particle decays and underlying events, as well as the eval-
uation of matrix elements. This is all within the Pythia framework, and as such
this is a generator that provides a complete event view. The matrix elements for
2 initial state partons → 1, 2, 3 final state parton processes in the Pythia samples
used in this analysis are provided by MadGraph [49]. MadGraph is a dedicated
matrix element generator and provides all Feynman diagrams for a specified pro-
cess. Pythia coupled with MadGraph is used to produce simulated tt plus vector
boson samples and the WW plus two-jet samples for this analysis. This is also the
case for the simplified models.

Herwig (Hadron Emission Reactions With Interfering Gluons) is an event gen-
erator that simulates hard-scattering for almost any 2 → 2 process. The matrix
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elements are evaluated to first order, with parton showers and hadronisation also
being described in the simulation. Herwig is paired with Jimmy, with Herwig
being responsible for simulating the parton showers and hadronisation and Jimmy
taking care of multi-parton interactions. Herwig calculates leading-order cross-
sections and these are scaled to NLO using k-factors. This generator is responsible
for the samples representing the diboson background for this analysis. Some of the
SUSY signal samples are produced using Herwig++2. In the case of the signal
samples, cross-sections for SUSY processes are provided by Prospino, a LO and
NLO SUSY cross-section calculator.

Alpgen [51] is a more specialised tree level matrix element generator capable
of generating events with high jet multiplicities. Where Pythia evaluates matrix
elements for up to 2→ 2 processes, Alpgen can do this for up to 2→ 6. Alpgen
is used to produce the background samples for tt and Z+ jets in this analysis, and
in order to gain a full picture of the event Alpgen is interfaced with Jimmy. It is
the Jimmy event generator that adds the description of the underlying event, with
the multiple parton matrix element being provided by Alpgen. Here k-factors are
still needed to scale the LO cross-sections to NLO (and to NNLO in the case of the
tt samples).

Finally the background due to single top is simulated using MC@NLO [52]
(Monte Carlo At Next to Leading Order). The MC@NLO framework makes use
of Herwig and Jimmy in order to combine generated events with full NLO cross-
sections calculations, making the use of k-factors unnecessary.

Simulating events using one of the MC generators described above results in a
very good approximation to the processes expected upon parton collisions within
the ATLAS detector. This implies that, in an “ideal” detector - implying that it is
capable of identifying and reconstructing exactly every particle - the result should
be the same as the content provided by the MC at this level. In fact the detector
is not perfect and the generated physics events output by these generators must
be run through a simulation of the ATLAS detector in order to gain a realistic
representation of how these processes might manifest. GEANT4 [53,54] is a toolkit
for simulating the passage of particles through matter and is used to simulate how
the final state objects of physics processes might interact with the detector mate-
rial. Once events have been generated and passed through the detector simulation
they are run through dedicated reconstruction algorithms which are used to build
physics objects and calculate event level variables used in physics data analysis.
These algorithms are exactly those run on real collision data.

6.3 Background Estimation Methods

In order to perform a search for SUSY in the signal regions defined for this analysis,
an estimate must be made regarding the number of events expected in that signal
region in the presence of SM background only. The MC samples for the various

2This is a new implementation written in C++ that will ultimately replace Herwig.
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Process Generator σ× BR [pb] k-factor

Z/γ∗+jets AlpgenJimmy 12.1×103 1.24
Z+HF AlpgenJimmy 70.61 1.24
Single top MC@NLO Jimmy 37.34 -
tt → `ν`ν AlpgenJimmy 10.38 1.69
tt +W/Z/WW PythiaMadgraph 0.221 1.30
WWjj PythiaMadgraph 0.22 -
WW Herwig 11.50 1.26
WZ Herwig 3.464 1.26
ZZ Herwig 0.972 1.26

Table 6.3: List of Standard Model background samples used in the di-lepton Razor
analysis, with respective production generators, cross-sections and k-factors.

backgrounds outlined in Section 6.2.1 are used as an initial check. Looking at the
background sample distributions in the different regions provides an estimate when
optimising the signal regions, as in Section 6.1, for example. Once the signal regions
are selected, a more rigorous check of the background is performed. Such checks
often involve comparing the MC distributions to those from data in predefined,
background–rich, control regions (CR). In this way any discrepancies between data
and MC can be identified and must be understood. In most cases the background
estimation is be made using data itself rather than the MC - though in practice
the MC usually enters at least as a cross-check, and so such estimates are rarely
completely independent of simulation. Estimates are taken from data where ever
technically and statistically feasible. Once the behaviour of each background is
understood in the control region, and the MC – or data-driven control region dis-
tributions – are in good agreement with the data distributions in the same regions,
an extrapolation is performed between the control region and the signal regions.
For this extrapolation the expected background distribution in the signal regions
is derived. This procedure normally employs a transfer factor (control region →
signal region), calculated from simulation.

In this analysis, the majority of backgrounds are estimated from data, or MC
that has been validated using data-driven methods. The use of the HistFitter pack-
age [55] is key for estimating the background components in the SRs. HistFitter is
a fitting suite, which performs fits on multiple background distributions in various
control regions, and ultimately propagates the fit results to the signal regions, pro-
viding a final background estimate. More information on this package and how it
is configured for this analysis can be found in Section 6.3.1. This Section describes
the techniques used to estimate the background due to the different SM processes
in the SR, along with the various validations performed on these estimates.
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6.3.1 Simultaneous Background Fit

HistFitter provides a framework which allows shape analysis of distributions, result-
ing in an insight into their implications by way of full statistical interpretations.
This package is based on the HistFactory framework [56], a tool used to build
probability density functions (pdfs) using analysis histograms. In this section the
implementation and configuration of HistFitter used for this analysis is described.

HistFitter generates histograms for different control and signal regions. These
are then organised in XML files from which pdfs are built. The pdfs include a
number of different parameters, some of which are “free parameters” in the sense
that they are unconstrained. These free parameters act as scaling factors, and can
be adjusted freely in the fit, altering the relative contributions from the various
component signal or background processes. The statistical and systematic uncer-
tainties are represented by so-called “nuisance parameters.” These generally carry
Gaussian penalty terms of predetermined width. During the fit the shape of the MC
distributions are varied within the boundaries allowed by the nuisance parameters.
In this respect the fit fine tunes both the MC and the associated uncertainties.
Provided the fit is not overly constrained the nuisance parameters merely serve to
propagate the uncertainties, and so only the free parameters should be adjusted. In
practice, if the fit is over-constrained then these nuisance parameters are adjusted
to prevent inconsistencies between prediction and data arising from unreasonable
variations in the predicted distributions. In this case the penalty term associated
with the nuisance parameter increases with the magnitude of deviation from its
nominal value, increasing the uncertainty on the fit.

The HistFitter input is divided into different regions, with the region categories
being control regions (CR), signal regions (SR) and some validation regions (VR).
Validation regions are defined to be disjoint from both the CRs and SRs, and are
used for some backgrounds to validate the extrapolation from CR to SR. Using
a background fit to data in the CRs the result of the fit is applied to the VR to
confirm that the fit models the data well outside of the constraints of the CRs.

The fit parameters are constrained by performing a so-called “background only”
fit to the CRs. Note that all CRs are fit simultaneously, and so they all constrain
one another. This is made possible by the fact that all regions are statistically inde-
pendent, permitting their combination. The nuisance parameters associated with
various systematic uncertainties can be treated in several different ways in the fit.
In this analysis the systematic uncertainties are predominantly treated as “shape”
systematics correlated across all bins of the histogram. Cross-section uncertainties
affect the overall integral of the distributions, with their effect being evaluated upon
varying the normalisation of the relevant histograms by ±1σ. Such uncertainties
do not use the shape information. The sources of systematic uncertainty on physics
objects are discussed in detail in Section 6.3.7.

The SM backgrounds as input to HistFitter are split into the following samples:

• Fake leptons
This includes the totally data-driven fake lepton background sample as de-
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scribed in Section 6.3.2. The uncertainty is dominated by the weights applied
to the events from data comprising the fake background sample. No control
regions for the fake background are defined since the background is estimated
from data in the control and signal regions.

• Lepton charge flip
This is comprised of leptons whose charge have been mis-reconstructed. This
background is estimated as described in Section 6.3.3 and is only significant
in the same-sign di-electron and electron-muon channels. The dominant un-
certainty is that associated with the charge flip probabilities.

• Z+X
This sample includes Z+ jets with both heavy and light flavour quarks, low
mass Drell-Yan processes and finally the WZ and ZZ diboson backgrounds.
The inclusion of these diboson processes in the Z + X sample is motivated
by the fact that Z-bosons are found to decay only leptonically in the signal
regions. This is shown in Section 6.3.4.

• tt and single top
The backgrounds due to single top and tt processes follow the same distri-
butions in R and γR ×MR. It therefore makes sense to merge these back-
grounds into one sample for HistFitter, since the histograms will be fit in
bins of γR ×MR, with regions being defined in R. Since no validation is per-
formed outside of HistFitter three separate top control regions are defined, as
described in Section 6.3.5, to ensure the top background is well constrained.
The normalisation is allowed to float freely in the fit.

• WW Diboson
This background, discussed in Section 6.3.6 does not pose a significant contri-
bution to the signal region expectation. Since it does not have a large presence
in the control regions, it is constrained by a 30% cross-section uncertainty.
This is to avoid giving the fit too much freedom by leaving the normalisation
unconstrained.

6.3.2 Fake Leptons

A di-lepton event selection requires events containing exactly two leptons in the
final state. It is important to consider the success rate of this selection, since the
ability of ATLAS to successfully detect and accurately reconstruct leptons is de-
pendent on so many factors, from the detector read-out electronics to the clustering
and reconstruction algorithms.

To quantify the extent to which successful reconstruction and identification is
achieved, two main quantities are considered. Firstly, there is the efficiency with
which leptons are identified in ATLAS, the identification efficiency. This quantity
describes the fraction of all real leptons that pass the loose selection requirements.
The electron identification efficiency is measured at ATLAS in Z → ee events in
bins of pT and η [26]. It is typically over 90% for electrons with pT > 20 GeV. For
muons, Z → µµ events from the 40 pb−1 of

√
s = 7 TeV 2010 data are probed in
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order to measure the efficiency, which is determined to be more than 96%.

Secondly, the lepton “fake rates” must be considered. These describe the proba-
bility that a lepton candidate is reconstructed when no real lepton is in fact present.
This most commonly happens with jets being mis-identified as electrons. Similarly,
jets which “punch through” into the muon system could potentially fake muons.
More commonly though, muons can originate fron pions or kaons decaying in-flight
as they traverse the ATLAS detector. Such muons are usually poorly isolated, but
can sometimes still pass the signal muon isolation requirements. For a di-lepton se-
lection the most common SM processes contributing to the fake lepton background
are W+ jets and semi-leptonic tt, which are mainly fake electrons.

In order to predict the fake lepton background to a di-lepton selection a matrix
method [57] is used. For an inclusive single lepton selection, the number of events
containing a single signal lepton (NT ) and the number of events containing a single
baseline, but not signal, lepton (NL) can be related to the true number of real (NR)
and fake (NF ) leptons:

NT = r ·NR + f ·NF , (6.2)

NL = (1− r) ·NR + (1− f) ·NF . (6.3)

where f is the fake rate for a fake loose lepton to pass the tight signal lepton
criteria, and r is the efficiency with which a real loose lepton is reconstructed as a
tight lepton. This results in the 2× 2 matrix relation:∣∣∣∣NTNL

∣∣∣∣ =

∣∣∣∣ r f
(1− r) (1− f)

∣∣∣∣ ∣∣∣∣NRNF
∣∣∣∣ . (6.4)

In this way the true event composition of real and fake leptons can be derived
using a control sample of events passing signal-like cuts, but with baseline leptons.
For the di-lepton case, an event will be composed of either two real leptons (R),
two fake leptons (F), or one of each. An inclusive sample would therefore include
events with the pT -ordered lepton real-fake combinations: RR, RF , FR, FF . The
relation described in Equation 6.4 is expanded to the di-lepton case, resulting in
a 4× 4 matrix relating the possible loose-tight combinations to the real-fake event
composition. The full matrix is given below.

∣∣∣∣∣∣∣∣
NTT
NTL
NLT
NLL

∣∣∣∣∣∣∣∣ =

∣∣∣∣∣∣∣∣
r1r2 r1f2 f1r2 f1f2

r1(1− r2) r1(1− f2) f1(1− r2) f1(1− f2)
(1− r1)r2 (1− r1)f2 (1− f1)r2 (1− f1)f2

(1− r1)(1− r2) (1− r1)(1− f2) (1− f1)(1− r2) (1− f1)(1− f2)

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣
NRR
NRF
NFR
NFF

∣∣∣∣∣∣∣∣. (6.5)

In the above equation the numbered subscripts refer to the r and f values for the
leading (1) and sub-leading (2) leptons. On inverting this matrix, one acquires an
estimate for the real-fake composition of a sample of inclusive baseline di-leptons. In
order to determine the true composition for the signal lepton sample, the numbers
derived from the matrix inversion must be corrected by the corresponding real
efficiencies and fake rates:
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Nsignal
RR = r1r2 ·NRR

Nsignal
RF = r1f2 ·NRF

Nsignal
FR = f1r2 ·NFR

Nsignal
FF = f1r2 ·NFF .

(6.6)

The total number of fake di-lepton events contributing to the tight di-lepton
selection (Nfake

events) is therefore described by the sum of events containing at least
one fake lepton:

Nfake
events = Nsignal

RF +Nsignal
FR +Nsignal

FF . (6.7)

The number of fake di-lepton events contributing to the signal sample can be
defined in terms of the real-fake event composition (Equations 6.7 and 6.5), and
therefore the tight-loose event composition (Equation 6.6). Di-Lepton events taken
from a control sample containing at least one baseline (and not signal) lepton are
weighted by the probability for such an event to fall into the signal selection, with
the matrix method permitting the determination of these event-by-event probabil-
ities, or “fake weights.” For electrons, a control sample is constructed of events
passing signal-like cuts, but with one or more baseline electron failing the isolation
or tight electron requirements. For muons, the control sample is composed of events
where at least one baseline muon fails the isolation cut. These samples, populated
with di-lepton events where at least one lepton is not a signal lepton, are disjoint
from the main selections that are composed of events with exactly two signal, or
tight, leptons. A fake weight is derived for each event in the loose-not-tight lepton
samples, and the events are then weighted accordingly. This method is applied to
data, not MC, and so the matrix method is extremely useful in that it allows for
a data-driven approach to the fake background determination. Because this back-
ground is taken completely from data and accounts for all fake background, MC
events passing the di-lepton signal selection must not be fakes. These are therefore
required to have at least two prompt leptons from a tau, W -boson, Z-boson or
SUSY particle. This ensures that there is no MC contribution to the fake back-
ground filtering into the signal selection.

6.3.3 Charge Mis-identification

In di-lepton regions where the leptons are of the same sign there is a considerable
contribution charge flip. The term “charge-flip” refers to the situation where an
electron (positron) is reconstructed as a positron (electron). The lepton has been
correctly identified, but the charge is incorrect. Of course this process is indepen-
dent of charge combination, and there will be some events with two SS leptons
entering the OS lepton selection also. In the SM, processes resulting in exactly
two isolated like-sign leptons are far more rare than those where the lepton pairs
are OS. For this reason the background due to charge flip is negligible in the OS
channels, but rather significant in the case of SS, as will be shown in this section.
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The charge flip process is perhaps most obvious in the di-electron channel, where
a Z mass peak is observed despite the necessity for leptons from a decaying Z-boson
to really be oppositely charged. In these events one of the oppositely charged final
state leptons has had its charge mis-identified, and so an opposite sign event is
reconstructed as same sign. There are two main scenarios that can result in charge
flip. Firstly, the charge of an electron can be mis-measured when a high-pT electron
has a nearly straight track, making it difficult to determine the curvature. Alterna-
tively, if a high-pT electron undergoes bremsstrahlung, the emitted photon can pair
produce. This so-called “trident” process can result in the reconstruction of a sin-
gle prompt lepton from the three-lepton system. The charge of this reconstructed
lepton can then be the opposite of the original lepton charge. Additionally, the
pT for these electrons tends to be mis-reconstructed, and so when modelling this
process the pT of the offending electron must be artificially smeared. This process
is not as prominent in the muon channels. In the case of a high-pT muon, while
it is possible that the ID track maybe be mis-measured the additional information
provided by the muon system makes charge mis-reconstruction less common. Muon
bremsstrahlung will most likely result in the muon being poorly isolated, overlap-
ping with one of the electrons produced by the bremmed photon. It is this effect
that motivates the electron – muon overlap removal procedure described in Sec-
tion 4.1.4. Charge flip, then, is a relevant background in the ee and eµ SS channels.

From Ref. [58] it is noted that the charge flip in data is approximately 80% that
in Monte Carlo. This disagreement is clearly visible in the left of Figure 6.4. The
probability for an electron to undergo charge flip is both η and pT dependent. In
Ref. [59] the electron charge flip rate as a function of η is measured in data, with
the lesser dependence on pT still being modelled in Monte Carlo. Using the results
of this study, charge flip probabilities are applied to OS events from MC in the ee
and eµ channels, providing an estimate of the overall contribution from charge flip
in these channels.

In the eµ channel events are weighted by the probability for the electron in the
event to undergo charge flip. The pT of the electron is then smeared to mimic the
effect of charge mis-identification. In the di-electron channel, the probability that
one of the electrons in the event charge flips is applied to the event weight. Of the
two electrons, one is chosen at random to be the charge flip electron, and its pT
shifted accordingly. Ultimately, charge flip event weights represent the probability
for an event to change from OS→ SS. The charge flip contribution from MC events
must then be subtracted by vetoing events in the SS channels with two OS leptons
at truth level. The shift in the pT of charge flip electrons is propagated through to
the razor variables, which are recalculated using the charge flip electron pT . The
effect of this correction for the same sign electron channel, which is most sensitive
to charge mis-identification, can be seen in Figure 6.4.

Overlap with Fake Estimate

In order to estimate the background due to fakes in the same sign di-lepton channels
the matrix method is used. Some fraction of these same sign events in data with
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Figure 6.4: Distribution in M`` for the same sign di-electron channel before (left)
and after (right) the of correction the charge flip background contribution.

loose electrons may also be charge flip events. If an electron undergoes charge flip
it tends to be poorly isolated which can result in charge flip electrons “faking” a
fake. These events must be disentangled to avoid an over-estimate. In order to cor-
rect for this overlap, opposite sign events in data containing “loose” leptons with
“reversed” isolation requirements are used. The charge flip probability for these
events is determined using the method above, such that each event is assigned an
event weight representing the likelihood of that event being subject to charge mis-
identification. These weighted events are then presented as a negative component
to the same sign fake background distribution, such that the contribution to the
same sign fake background from originally opposite charged leptons is subtracted.
The effect of this subtraction in the SS di-electron channel can be seen in Figure 6.4.

Charge Flip Background Estimation

The charge flip distributions obtained using the methods discussed above are used
in order to estimate the expected background due to charge flip in the signal regions.
To do this a charge flip control region is defined within HistFitter. This region is
chosen so that the maximum contribution is due to charge flip, and so it makes
sense to look in the same-sign di-electron channel. The control region is defined
as shown in Table 6.4. The control region distribution is fit to data in 100 GeV
bins in γR ×MR. Figure 6.5 shows the distribution before and after the fit. The
charge flip background is initially underestimated, most notably in the first three
bins in γR ×MR. After the fit this discrepancy becomes far less extreme, with
all bins seeing agreement between data and expectation within one sigma. In fact
it is the fake background that increases after the fit, rather than the charge flip
background component. The fake weight uncertainties give this background some
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freedom in the fit. Since the fake background is entirely data driven, it is treated as
uncorrelated between each control region, and is not subject to the same constraints
as the other backgrounds. The uncertainty on the charge flip weights assigned to
the OS events (as described earlier in this section) contributes one of the most
significant systematic uncertainties associated with the background estimations.

Channel Signal Region Control Region

e±e± γR ×MR > 500, R > 0.25 γR ×MR > 500, R < 0.25

Table 6.4: Control region definition for the charge flip background estimation in
the same-sign di-electron channel.
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Figure 6.5: Distribution in γR ×MR for the charge flip control region both before
(left) and after (right) the fit to data.

6.3.4 Z+X

In the two-lepton opposite flavour channels the background due to leptonically de-
caying Z-bosons is expected to be zero, due to the necessity for lepton number
conservation. For same flavour - same sign lepton channels any leptonic Z contri-
bution is due to charge flip of one of the leptons, and as such this background is
accounted for by the charge flip estimate in Section 6.3.3. For the same flavour -
opposite sign di-lepton signal regions a partially data driven approach is used to
estimate the contribution of backgrounds with a leptonically decaying Z-boson. As
such, this method estimates the background from Z/γ∗ → e+e−, µ+µ−, as well
as WZ and ZZ processes. The validity of including WZ and ZZ in the Z + X
background determination is discussed later in this section. Z-control regions are
defined to resemble the signal regions as closely as possible, thus the OS γR ×MR

cut at 600 GeV is kept in place while the R cut at 0.4 is inverted. This allows
background rich control regions (low R) while ensuring no γR × MR bias. The
signal regions and corresponding control regions are listed in Table 6.5.

In this method Z/γ ∗+ jets events are isolated by subtracting the non-Z contri-
bution in the control region. The quantity of non-Z events is derived by exploiting
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Channel Signal Region Control Region

e+e− γR ×MR > 600, R > 0.4 γR ×MR > 600, R < 0.4
µ+µ− γR ×MR > 600, R > 0.4 γR ×MR > 600, R < 0.4
e±µ∓ γR ×MR > 600, R > 0.4 γR ×MR > 600, R < 0.4

Table 6.5: Control region definitions for same flavour - opposite sign Z-background
estimation.

the observed event yields in data in an identical control region defined in the eµ
channel. These events are assumed to be from processes not associated with a lep-
tonically decaying Z-boson, thus the eµ channel event yields provide an estimate
of the expected events from non-Z processes in the same flavour channels. There
is one background to which there is an exception, and that is the background due
to fakes. This estimate relies on comparing events containing real leptons from
truly leptonic events. For this reason the fake background (estimated from data)
is subtracted from the total data yield in each respective control region before any
comparison between channels is made. Any estimate of the total non-Z contri-
bution to the control region is therefore incomplete until the channel specific fake
background is added back into the calculation. Since the identification efficiencies
for electrons and muons differ, the prompt non-Z background estimate needs to
be corrected in order to extrapolate between the eµ and ee/µµ channels. Using
the number of events observed in the Z-peak in the same flavour channel control
regions, the ratio of the electron and muon identification efficiencies is derived:

εe
εµ

=

√√√√ (NCR,data
ee,Z−peak −N

CR,fakes
ee,Z−peak)× Lµ

(NCR,data
µµ,Z−peak −N

CR,fakes
µµ,Z−peak)× Le

, (6.8)

where εe and εµ are the electron and muon identification efficiencies and Le and
Lµ represent the luminosity for the ee and µµ channels. This permits the non-
Z contribution in the same flavour channels to be estimated:

NCR,non−Z
ee =

(
1
2 × (NCR,data

eµ −NCR,fakes
eµ )×

√
(NCR,dataee,Z−peak−N

CR,fakes
ee,Z−peak)×Lµ

(NCR,dataµµ,Z−peak−N
CR,fakes
µµ,Z−peak)×Le

)
+NCR,fakes

ee ,

(6.9)

NCR,non−Z
µµ =

(
1
2 × (NCR,data

eµ −NCR,fakes
eµ )×

√
(NCR,dataµµ,Z−peak−N

CR,fakes
µµ,Z−peak)×Le

(NCR,dataee,Z−peak−N
CR,fakes
ee,Z−peak)×Lµ

)
+NCR,fakes

µµ .

(6.10)
The estimated number of Z +X events in the signal region is then:

NSR,Z
ee = (NCR,data

ee −NCR,non−Z
ee )× β (6.11)

NSR,Z
µµ = (NCR,data

µµ −NCR,non−Z
µµ )× β (6.12)

where β is an extrapolation factor denoting the ratio between the event yields in
the signal region and control region. This number is taken from simulated events:
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β =
NSR,Z
``

NCR,Z
``

, (6.13)

where here Z includes Z/γ∗ → e+e−, µ+µ−, WZ and ZZ.

e+e− µ+µ− e±µ∓

Total Data CR 3760.00± 61.32 4640.00± 68.12 727.00± 26.96
Total Z CR (Data Driven) 3201.30± 63.39 4184.96± 70.41 -±-
Total Z CR (Herwig MC only) 3337.58± 31.26 4538.91± 49.21 2.85± 0.71
β 0.000200± 0.000085 0.000097± 0.000041 -±-
Predicted Z SR (Data Driven) 0.64± 0.27 0.41± 0.17 -±-
Predicted Z SR (Herwig MC only) 0.67± 0.28 0.44± 0.19 -±-

Table 6.6: Event yields in control regions used for Z-background estimation and
resulting predictions for the signal regions. The quoted uncertainties include the
statistical uncertainties only.

Herwig (nominal) Sherpa Alpgen

e+e− channel

β 0.000200± 0.000085 0.000349± 0.000091 0.000375± 0.000099
Predicted Z SR (Data Driven) 0.64± 0.27 1.12± 0.29 1.20± 0.32
Predicted Z SR (MC only) 0.67± 0.28 1.16± 0.30 1.26± 0.33

µ+µ− channel

β 0.000097± 0.000041 0.000262± 0.000051 0.000335± 0.000067
Predicted Z SR (Data Driven) 0.41± 0.17 1.10± 0.21 1.40± 0.28
Predicted Z SR (MC only) 0.44± 0.19 1.18± 0.23 1.53± 0.30

Table 6.7: Comparison of Z-background predictions for the signal regions with
when using Alpgen, Sherpa and Herwig MC. Estimations using Herwig are
taken as default, with the MC shape systematic being taken from Alpgen.

From Table 6.6 the data driven and MC only estimates for the Z contribution
in the signal regions are observed to be in good agreement. The SR prediction
resulting from MC is consistent with the prediction from data within the statistical
uncertainty. Based on these results it appears unnecessary to apply a normalisation
factor to Z Monte Carlo samples. As such, the Monte Carlo provides an estimate
for the almost negligible Z/γ∗ +X background contribution in the signal regions.

It should be noted that Z/γ∗ → τ+τ− is expected to contribute identically in
the same-flavour and opposite-flavour channels. As such, any Z/γ∗ → τ+τ− con-
tribution in the same flavour data channels would be included in the eµ channel
subtraction during the validation described in this section. Motivated by the ex-
cellent agreement between data and Z/γ∗ → e+e−, µ+µ− MC, this background is
also taken from MC.
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The background uncertainty has components from Monte Carlo and data statis-
tics in the control region, Monte Carlo statistics in the signal region, and the dif-
ference in background estimates obtained using different Monte Carlo samples.
Herwig is the MC generator used in the production of the (WZ and ZZ) diboson
samples used in the estimation of the background due to Z + X processes. De-
spite the data-driven approach taken in the validation of this background estimate,
the factor taken to extrapolate from the control to signal region is calculated from
Monte Carlo. To cross-check the results of this study diboson samples produced
using other generators are used. Each of the two other WZ and ZZ samples, one
produced from Alpgen and the other from Sherpa, yield slightly different extrap-
olation factors, resulting in a small change in the signal region expectation. The
numbers can be seen in Table 6.7. The data-driven estimate is consistently in good
agreement with the estimate taken from MC only, implying that the simulation
models the normalisation of the data well. Given the apparent difference in shape,
which can be seen in the di-electron distributions of Figure 6.6, between the diboson
distributions resulting from Alpgen, Herwig and Sherpa, the Herwig diboson
samples are used as the default. Alpgen provides the shape systematic, since it
also covers the difference between Herwig and Sherpa.

Having validated the simulated Z–background, the same–flavour control regions
are set within HistFitter and the distributions fit to data therein. The γR ×MR

distributions are fit in 100 GeV bins in these regions, and the result of this is shown
in Figure 6.7. Here the excellent agreement between data and MC is obvious even
before the fit has been performed (left hand plots).
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Figure 6.6: Distribution in γR×MR (inclusive R) resulting from the use of Herwig
diboson (a), Alpgen diboson (b), and Sherpa diboson (c) samples in the OS di-
electron channel.
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Figure 6.7: Distribution in γR ×MR for the di-electron (a) and di-muon (b) Z
control regions both before (left) and after (right) the fit to data.

WZ and ZZ Contribution to the Z-Background

The diboson contribution to the Z-background from WZ and ZZ processes was
studied in order to avoid overlap between background estimations. In the di-lepton
channel these processes often include a leptonically decaying Z-boson, and given
the method employed to estimate the Z contribution in the control (and thereafter,
signal) regions, this diboson contribution becomes indistinguishable from Z/γ∗+
jets. The validity of merging these backgrounds into one Z + X background esti-
mate is determined on investigating how often WZ or ZZ events enter the signal
regions due to the Z decaying into two SFOS leptons.
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Figure 6.8: The distribution in the γR ×MR - M`` plane for the WZ (left) and
ZZ (right) Monte Carlo in the ee, µµ and eµ channels.
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Figure 6.9: The distribution in the R - M`` plane for the WZ (left) and ZZ (right)
Monte Carlo in the ee, µµ and eµ channels.

The distributions in Figure 6.8 show that on applying the signal region cuts on
γR ×MR, the WZ and ZZ events in the ee and µµ channels occur exclusively in
the Z-mass peak. From Figure 6.9 it is noted that the distributions remain fairly
constant in R. This confirms that any WZ and ZZ processes contributing to the
same–flavour OS signal regions are expected to be Z/γ∗+ jets like. It is therefore
justifiable to make a combined Z+X background estimation, since the contributions
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from these processes in these signal regions always include a leptonically decaying
Z.

6.3.5 Single Top and tt

The background due to top processes is an important one for a di-lepton search.
The contribution due to semi-leptonic tt and single top is accounted for in the fake
background estimate of Section 6.3.2. A veto is imposed on MC events not includ-
ing two prompt leptons at truth level, and so there is no double counting between
the background due to semi-leptonic tt and single top fakes and fully leptonic tt.

In order to estimate the background due to fully leptonic tt and single top the
MC distributions are compared to those from data in several pre-defined control
regions. The decision to merge the backgrounds due to these two processes into
a single background estimate is motivated by the similarities in their distributions
in the R – γR ×MR plane. They are almost indistinguishable from one another,
and any control region defined for tt will also include a large single top component.
Control regions are defined in order to isolate the top background, removing other
processes as much as possible. A common method for selecting top events involves
requiring b-tagged jets in the event selection. Since a top quark will decay via a
b-quark (as can be seen the Feynman diagrams of Figures 6.3b and 6.3c), removing
all non-heavy flavour events provides good rejection of other background processes.
Three disjoint top control regions are defined, one for each opposite-sign channel.
The location of these in R and γR ×MR are shown in Table 6.8.

Channel Signal Region Control Region

e+e− γR ×MR > 600, R > 0.4 γR ×MR > 400, 0.2 < R < 0.3, b-tag
µ+µ− γR ×MR > 600, R > 0.4 γR ×MR > 400, 0.2 < R < 0.3, b-tag
e±µ∓ γR ×MR > 600, R > 0.4 γR ×MR > 400, 0.0 < R < 0.3, b-tag

Table 6.8: Control region definitions for the top-background estimation.

In these control regions the top MC distributions are fit to data, with the fit
being done simultaneously in all three regions. The fit is performed on the γR×MR

in 100 GeV bins. The effect of the fit can be seen in Figure 6.10. The agreement,
which is already typically within one sigma even before the fit is performed, is most
encouraging. There is some tension between the electron and muon control regions,
with the contribution to the first γR ×MR bin being overestimated in the former
and underestimated in the latter. In fact, the top background does not change
significantly after the fit.
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Figure 6.10: Distribution in γR ×MR for the di-electron (a), di-muon (b), and
electron-muon (c) top control regions both before (left) and after (right) the fit to
data.

6.3.6 Diboson

The WZ and ZZ diboson backgrounds are accounted for in the Z + X estimate
of Section 6.3.4, with the remaining diboson background contribution being due to
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WW . Defining control regions dominated by WW diboson processes is difficult,
and as a result this is the only background for which Monte Carlo is completely
relied upon to provide the estimate. For this background MC samples generated by
Herwig, and Pythia with MadGraph, are used with no data-driven validation
methods applied. All other backgrounds are validated using data and constrained
by fitting control region distributions, and so the normalisation and shape of these
distributions should be well modelled. As mentioned in Section 6.3.1, the normali-
sation of the WW diboson MC sample is constrained by a cross-section uncertainty
of 30% in order to ensure the fit does not result in a minimum with an unreasonably
large amount of WW events in the signal regions. The WW diboson contribution
in the signal regions is small, and so this background is not dominant in any case,
though it still needs to be understood and estimated.

6.3.7 Systematic Uncertainties

There are a large number of systematic uncertainties associated with reconstructed
physics objects. These uncertainties are propagated to the background fits by way
of the nuisance parameters described in Section 6.3.1. The systematic uncertainties
include the following:

• Luminosity
A relative luminosity uncertainty of 3.7% is applied [37].

• Jet Energy Scale (JES)
There is an uncertainty associated with the JES calibration of jets to the
hadronic scale. Jets produced at ATLAS provide energy deposits in the
calorimeters and the energy measured will not correspond to the true en-
ergy of the original quark producing the jet. The JES calibration offers a
correction to the calorimeter-measured energy, scaling it to better represent
the energy of the initiating quark. The uncertainty on this correction arises
from many sources including calorimeter response and pile-up of events at the
interaction point. An over or under-estimate of the JES can result in a differ-
ent set of jets being selected for analysis since the correction is complicated
in that the scaling is not the same for all jets and depends on their proper-
ties. To evaluate the effect of the JES uncertainty on the data selections this
correction is fluctuated up and down resulting in separate distributions from
the ±1σ variations.

• Jet Energy Resolution (JER)
In order to model the uncertainty associated with JER the energy of each jet
is smeared according to a Gaussian distribution.

• Jet b-tagging
In order to isolate heavy flavour events jets are probed for evidence of a b-
quark and are (b-) tagged if they are identified as a so-called b-jet. The b-jet
tagger used for this analysis works with a b-tagging efficiency of 60%. There
are three separate uncertainties associated with this procedure. Firstly, some
portion of the time light flavour jets will be mis-tagged as b-jets. Secondly,
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jets with charm quarks are rejected from the b-jet pre-selection, and so there is
an uncertainty associated with charm tagging and mis-tagging. Finally there
is the obvious uncertainty associated with correctly tagging a b-jet. Each of
these uncertainties are treated independently.

• Jet Vertex Fraction (JVF)
The uncertainty associated with modelling the JVF is taken into account
by applying weights of 1.2 and 0.8 to jets passing and failing the JVF cut
respectively. The discrepancy between the weighted and nominal distributions
represents the JVF systematic uncertainty.

• Missing Transverse Energy (EmissT )
The so-called CellOut term includes topological clusters not associated with
reconstructed objects, and the components of this term are scaled up and
down in order to evaluate the systematic effect. The EmissT calculation has
an additional systematic uncertainty due to pile-up effects.

• Muon Resolution
Differences in the muon resolution at ATLAS are accounted for by indepen-
dently smearing the resolution in the inner detector and the muon system.
The difference in the resulting distribution with respect to the nominal dis-
tribution is taken as the systematic uncertainty [29].

• Muon Scale Factors
These scale factors are varied up and down by 1σ to provide the systematic
uncertainty [28,29].

• Electron Trigger and Reconstruction Scale Factors
These scale factors are varied up and down by 1σ to provide the systematic
uncertainty [26].

• Electron Energy Scale (EES) and Electron Energy Resolution (EER)
The uncertainties associated with the EES and EER are applied, using central
ATLAS rescaling tools [26].
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Chapter 7

Results

7.1 Background Fit Results

The final estimations of the background contributions in each of the control regions
are summarised in Table 7.1. The number of events before and after the the fits are
shown. The fitted number of events is within 1σ of the observed in every CR. In the
top control regions the fake contribution increases slightly after the fit, with there
being no dramatic deviation in the top background itself. The Z +X background
is scaled down by the fit in both control regions, with the fake contribution again
rising slightly. There is a large change in the fake background in the charge flip
control region, comparing expectation with the fit results. The expected number
of fake lepton events almost doubles, going from ∼ 52 events before to ∼ 86 after
the fit. Significant uncertainties are associated with the fake background estimate,
since the errors on the fake event weights are significant. In addition, the fact that
this background is taken from data driven methods entirely means that it is not
constrained by the control regions in the same way as the other backgrounds. This
results in the background distribution having extra freedom.

The prediction for the signal regions before and after the background fit in the
CRs is shown in Table 7.2. Also shown are the number of observed data events in
each SR. Notice that the expected number of events in each SR before and after the
fit to the CRs remain more or less the same. The fit does not have a large impact
on the SR predictions in terms of the raw number of events. Of course, there is
some variation in the number of events contributing from the individual background
processes. The Gaussian significance shows the number of standard deviations the
observed number of events is from the expected value. This is shown in Table 7.2
for each SR. Also shown is the p-value for each SR, denoting the probability of
observing the number of events observed, under the background only hypothesis.
After the fit all SRs are within 1σ of the expected event counts, with the only
exception being the SS ee SR, which has a Gaussian significance of 1.05.
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Figures 7.1 – 7.6 show the γR ×MR distributions in the SRs before and after
the fit. In Figures 7.1 and 7.2 the top background can be seen to move down as
a result of the fit in the CRs. This effect can also be seen Figure 7.5. In these
OS SRs top is the dominant background, and so this decrease in the number of ex-
pected top events as a result of the fit is most prominent. In the case of the SS SRs,
which are dominated by charge flip and fakes, there is very little change after the fit.
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Figure 7.1: The OS di-electron signal region before (left) and after (right) the fit
has been performed.
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Figure 7.2: The OS di-muon signal region before (left) and after (right) the fit has
been performed.
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Figure 7.3: The SS di-electron signal region before (left) and after (right) the fit
has been performed.
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Figure 7.4: The SS di-muon signal region before (left) and after (right) the fit has
been performed.
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Figure 7.5: The OS electron-muon signal region before (left) and after (right) the
fit has been performed.
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Figure 7.6: The SS electron-muon signal region before (left) and after (right) the
fit has been performed.
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7.2 Limits

The CLs technique [60] is used to set limits on the production of SUSY events
at 95% CL. A likelihood is constructed using the information regarding the signal
shape and background contribution in the signal regions. The nuisance parame-
ters, including their central values and widths, and their correlations are also taken
into account in the likelihood. Limits are placed on the SUSY models described in
Section 6.1.

7.2.1 Di-Lepton Razor GMSB Limits

Figure 7.7 shows exclusion contours in the tanβ – Λ plane for the GMSB stau grid.
Here the limit pushes further out in Λ where the slepton is the NLSP, with the limit
contour receding slightly at higher tanβ, where the NLSP is the stau. Comparing
these exclusion contours with those of other ATLAS SUSY analyses [45,61] the limit
is consistent, but more specialised analyses targeting this particular signal model
are able to exclude further into parameter space. As would be expected, the tau
analyses [45] have better acceptance in the stau region. The SUSY strong lepton
analysis [61] gains between 5− 10 TeV in Λ on top of the di-lepton Razor exclusion
in the slepton region. This analysis requires two OS leptons and at least two to four
jets, and has a higher acceptance for these high Λ points. The comparison between
these analyses and their performance regarding the GMSB grid is expanded upon
in Section 7.3

7.2.2 Limits on mSUGRA

Limits are shown on the mSUGRA grid with tanβ = 10, A0 = 0, and µ > 0 in
Figure 7.8. The Razor di-lepton limit is able to exclude slightly less parameter
space compared with the 8 TeV ATLAS SS di-lepton analysis [62]. This analysis
selects events with exactly two same-sign leptons, at least four jets, and missing
transverse momentum. The analysis is more selective in that it does not include
the OS channels. At low m0 the di-lepton Razor limits are still competitive, despite
the fact that the SS analysis here is performed on 2012 data. This means higher
centre-of-mass energy and integrated luminosity. At high m0 the SS analysis clearly
excludes up to higher m1/2 compared with the Razor. Of course, the Razor signal
regions were not optimised for this model.

Figure 7.9 shows the ATLAS Razor limits on mSUGRA for the zero-, one- and
two-lepton channels, as well as the combined limit. The zero-lepton line dominates
at low m0, with the leptonic channels contributing more as m0 increases and longer
decay chains become more common. The two-lepton line on this plot is slightly
higher in m1/2 compared to the Razor contour of Figure 7.9. The Razor analysis
combines all search channels (zero-, one- and two-lepton) and as such the simulta-
neous background fit – applied only to the two-lepton control regions in the analysis
presented here – is applied to all control regions. The full Razor analysis at ATLAS
includes two additional one-lepton top control regions, offering a better constraint
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Figure 7.7: Di-lepton exclusion results for the GMSB. The red dotted line denotes
the theory signal cross-section uncertainty on the observed limit.

for the top background. Since this background is dominant in the OS channels
this extra constraint is important, and this is reflected in the exclusion reach. In
addition to this, W control regions defined in the one-lepton channel result in the
combination placing tighter constraints on the di-lepton Z+X background. This is
due to the fact that the backgrounds due to W - and Z-bosons are merged to form
a single input sample for HistFitter, and as such these backgrounds are treated as
one [44].
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7.2.3 Interpretation Using Simplified Models

The results of this analysis are interpreted further using two separate SUSY-inspired
simplified models, outlined in Section 6.1.3. Lower limits are placed on the LSP
and gluino masses in both cases, with the resulting exclusion shown in the LSP
mass – gluino mass plane in Figures 7.10 and 7.11.

The effect of the additional top control regions contributing to the combined
Razor analysis, as discussed in the previous section, can be further seen here. Com-
paring the exclusion line shown on the upper plot of Figure 7.10 with the two-lepton
line shown on the lower plot, the two-lepton exclusion is stronger with the extra
background constraint. In some places the individual channel exclusion lines push
beyond the exclusion contour resulting from the combination. The lines drawn for
each individual channel represent the “observed” limits and not the “expected.” In
this case the zero-lepton channel produced a higher observed limit than expected,
with both the one- and two-lepton channels being unable to reach their full exclu-
sion potential. This is due, in the two-lepton channel, to a slight excess of events
in the SS channels. For this reason the zero-lepton channel is driving the exclusion
out, while the one- and two-lepton channels are effectively weakening the reach of
the contour in this case.

The hadronic analyses push out to higher values of gluino mass where the frac-
tional mass splitting is larger, with the di-lepton final state more sensitive to lower
mass splitting SUSY.

Finally the di-lepton results are applied to a simplified model featuring a one
step decay g̃ → qqχ̃±1 → W±χ̃0

1. Figure 7.11 shows the di-lepton and combined
Razor limits. The inclusion of the additional top control regions in the di-lepton
channel again appears to improve the di-lepton exclusion. In this case the two-
lepton contribution to the combined Razor limit extends further to gluino and LSP
masses of 600 and 270 GeV respectively in the latter case (Figure 7.11, lower plot),
with the exclusion being limited to higher mass-splittings around a gluino mass of
∼ 600 GeV in the two-lepton only interpretation (Figure 7.11, upper plot). The
limits placed on this model by the Razor combination are consistent with those set
by the ATLAS one-lepton SUSY analysis [61].
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Figure 7.10: Di-lepton Razor exclusion results for the di-lepton only (top) and
the combined Razor analysis (bottom). On the lower plot the individual channel
contours shown represent the observed exclusion limits. The exclusion is done for a
gluino pair-production simplified model, where the gluinos decay via the emission
of a tt pair to the LSP.
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Figure 7.11: Di-lepton Razor exclusion results for the di-lepton only (top) and
the combined Razor analysis (bottom). On the lower plot the individual channel
contours shown represent the observed exclusion limits. The exclusion is done for
a gluino pair-production simplified model, where the gluinos decay to a chargino
via the emission of two quarks, with the chargino subsequently decaying into a
W -boson.
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7.3 Analysis Overlap

At ATLAS there are many SUSY analyses taking place, and the di-lepton Razor
signal regions are not the only ones specifying a two-lepton selection, as already
shown in Section 7.2. For the 2011 5 fb−1 analysis round three additional analysis
groups, totalling an additional 7 signal regions, performed SUSY searches focusing
on two final state leptons. These analyses, along with their respective signal region
selections, are listed in Table 7.3. Part of the motivation for employing the help
of the Razor variables to perform a SUSY search is that they attempt to isolate
a certain event topology. Cutting on the Razor variables should select a different
subset of signal events compared with searches using standard high-EmissT selec-
tions, for example. In order to verify whether or not the use of the Razor variables
does indeed permit the selection of events from a different region of phase space
compared with searches based on other variables, a comparison is made between
the events selected in the signal regions of the di-lepton Razor and other ATLAS
di-lepton SUSY analyses. This comparison is made using a signal point close to the
5 fb−1 exclusion limit, with Λ = 50 and tanβ = 15.

The total number of events overlapping in each signal region can be seen in
Figure 7.12. The numbers along the diagonal denote the total number of events in
each SR, with those off the diagonal corresponding to the number of events occur-
ring in both the SRs indicated on the x and y axes. Figure 7.13 shows the fraction
of events in the SR on the y-axis that overlap with events in the corresponding SR
on the x-axis. These plots show that the Razor OS signal regions have moderate
overlap with the strong production signal regions, as well as the OS 2-jet SR. From
Figure 7.12, this overlap is of order 100 events, though as shown in Figure 7.13 this
makes up only ∼ 20− 30% of the total event selection in these regions. In the case
of the SS Razor SRs the overlap is tiny, with only one event occurring in the Strong
Production signal regions. This relatively small event overlap supports the claim
that cutting on the Razor variables does indeed seek out different events than the
other two-lepton analyses.
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Analysis Group Signal Region Selection Cuts Number of SR Events

Direct Gaugino/Slepton [59] SS jet-veto jet-veto

Emiss,relT > 100 GeV 22
OS jet-veto jet-veto

Emiss,relT > 100 GeV
|MZ −M``| > 10 GeV 432

OS 2-jet same flavour leptons
≥ 2 jets
b-jet veto
MCT top-tag veto
|MZ −M``| > 10 GeV

Emiss,relT > 50 GeV 377
OS mT2 same flavour leptons

jet-veto
|MZ −M``| > 10 GeV

Emiss,relT > 40 GeV
MT2 > 90 GeV 347

Strong Production [61] OS 4-jet ≥ 4 jets pT > 50 GeV
Meff > 650 GeV
EmissT > 100 GeV
EmissT /Meff > 0.2 546

OS 2-jet ≥ 2 jets pT > 200 GeV
if ≥ 4 jets (pT > 25 GeV): j4 pT < 50 GeV
EmissT > 300 GeV 344

2-tau [45] 2-tau ∆φ(jet1,2,EmissT )≥ 0.4
MT1 +MT2 ≥ 100 GeV
HT ≥ 650 GeV 71

Razor SS γR ×MR > 500
R > 0.25 269

OS γR ×MR > 600
R > 0.4 409

Table 7.3: List of di-lepton analysis groups and associated signal region cuts and
event counts for 5 fb−1 2011 analyses [63]. The numbers given in the last column
represent the number of selected events a the GMSB signal model with Λ = 50 TeV
and tanβ = 15.
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Conclusions and Future
Prospects

A search for supersymmetry in di-lepton final states in proton-proton collisions at√
s = 7 TeV using the Razor variables has been presented. This analysis makes use

of the full ATLAS 2011 dataset, with an integrated luminosity of 4.7 fb−1 in total.

A thorough assessment of the Standard Model and fake backgrounds to the di-
lepton SUSY search were presented in Section 6.2. The background due to charge
mis-identification posed a particular challenge, with much of the uncertainty on
the background estimates in the same-sign channels being due to the uncertainty
on the charge flip weights assigned. The obtained charge flip distributions fit well
to the data, with the process of disentangling the fake background being vital to
obtaining the achieved agreement. This background merits further study in the
future, with attention towards better understanding of the pT - and η- dependence
of the charge flip probabilities. The Z + X background according to simulated
events has been shown to match distributions in 2011 data within the statistical
uncertainties. The top background dominated the opposite-sign signal regions, with
three separate control regions being used to constrain it (five for the full combined
Razor analysis). Data-driven investigations of this background will be of utmost
importance in any future Razor effort selecting two OS leptons.

The di-lepton Razor analysis places an exclusion limit on the GMSB model de-
scribed in Section 6.1.1 out to a gluino mass of 1100 GeV (1200 at low tanβ) to
95% C.L. Limits are also set on the cMSSM with parameter values as described in
Section 6.1.2. Where the gluino and squark masses are equal the di-lepton excludes
up to squark and gluino masses of ∼ 1000 GeV. The results are interpreted further
using SUSY-inspired simplified models involving gluino pair-production. In one of
these the gluinos decay to the LSP via the emission of a tt pair. The limits set on
this model exclude LSP and gluino masses up to 200 and 720 GeV, respectively.
An interpretation using another model where the gluinos decay via the emission of
two quarks to a chargino, with the chargino decaying to the LSP and a W -boson,
is also made. In this case limits are placed up to LSP and gluino masses of 250 and

129
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550 GeV, respectively.

This is the first time that the Razor variables have been used within the ATLAS
collaboration. The results in Section 7.2 show that the di-lepton analysis produces
consistent, but not strikingly improved limits. A higher number of GMSB signal
events enter the signal regions (based on EmissT and Meff cuts) of the two-lepton
strong production analysis [61] than those based on the Razor variables. The signal
regions of the two-lepton strong production analysis [61] select ∼ 900 events from
the GMSB signal point in Section 7.3 compared with the ∼ 700 of the di-lepton
Razor. Couple this with the fact that the expected background contribution in
these signal regions is approximately half that in the Razor signal regions, and the
further exclusion in Λ acheived by the strong production analysis is unsurprising
It is possible that introducing jet requirements to the signal selection in conjunc-
tion with lower thresholds on R and γR ×MR could increase the sensitivity to the
GMSB. This is a point of consideration for the upcoming analysis on the new 8 TeV
dataset. Alternatively the superiority of the Razor variables may become apparent
when applied to SUSY models not explored in this analysis round. For now the
ATLAS Razor exclusion serves to corroborate the recent limits set by other ATLAS
SUSY analyses, rather than extend them.

The effort to better understand the behaviour of the Razor variables with re-
spect to various different topologies and phenomenologies is ongoing. The Razor
selection truly does sample events from a different region of SUSY phase space.
This is certain from the results of the overlap studies of Section 7.3. If the goal
of a SUSY search genuinely is to uncover SUSY, then accessing regions of phase
space untouched by other analyses is desirable for the fulfilment of a comprehensive
search. Unfortunately there are an enormous number of possible SUSY scenarios,
and excluded regions are extending ever further into parameter space.

With the use of the Razor variables being a new concept at ATLAS the analysis
started out as an exploratory endeavour. Over its course many points of potential
improvement were identified, being built on in some instances and left for imple-
mentation in future analyses in others. In this respect the analysis attempts to
cover a somewhat broad range of signal models, in a generic SUSY search. De-
spite yielding competitive limits, it is likely that in some cases, were the models in
question the focus of the optimisation, the Razor analysis may have out-performed
the standard analyses. This lesson should be applied to the next iteration of the
analysis, with more emphasis on research into signal models for which the Razor is
best suited.

A novelty of the Razor variables is the way in which they can be applied to
multiple final states in a consistent and strategic manner. The Razor analysis at
ATLAS is carried out using the combination of zero-, one- and two-lepton channels,
rather than pursuing SUSY scenarios based upon final state alone. This is the first
time such a strategy has been employed at ATLAS. Here lies an area where the
analysis can definitely be built upon, and where such a variable set may present
an advantage. During the first iteration the analysis was largely experimental and
perhaps overly cautious. The zero-, one-, and two-lepton channels were subject to
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signal region optimisation based on individual signal models for the 7 TeV analysis.
If all channels optimise for a common model for which all these final states are ac-
cessible, the large acceptance might increase the sensitivity of the Razor compared
with other methods. Such models will be investigated during the re-optimisation
taking place for the 8 TeV data of 2012.
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